chemica andydsin thistest becausethe cdl wastheingrumented one. The test was continued for
atotal period of 1,298 h. At the end of processing, the soil was divided into three layers for
analysis, top, middle, and bottom. Each layer was divided into longitudinal and transverse
sections, as described in Section 5.11, and analyzed.

The second pilot-scale test (PST2) was conducted on kaolinite loaded withlead at a
concentration of 1,533 pg/g and at a pH of 4.5. The processng timefor thistes is2,952h. At the
end of prooessing, the soil was divided into horizontal layers at five depths for analysis. Each layer
was then divided into longitudina and transverse sections and analyzed for fina lead concentration
and pH (Figure 5.8). The first set of soil samples was taken for chemical anaysis tarone month
of processing. These samples displayed significant amounts of lead transport across the specimen.
Since one objective of the study was to compare the transport in the pilot-scale test with predctons
of the theoretical model, it was found necessary to conduct a third pilot-scale test (PST3) with
more frequent sampling withinthe first month. A kaolinite/sand mixture was used in thisthird test
instead of only Kaolinite. This change was made in order to minimize the volume change expected
during processing. Excessive volume changes lead to development of cracks and disfunctioning of
the tensiometers. PST3 was used for comparison of the predictions of the theoretical model with
the results of the experiment. The specific results of this test aso support accomplishment of the
primary project objectives, however, these results associated with PST3 are documented in the next
Section and Appendix D since this test was specificaly used to assess and evaluate the theoretical
model.

6.2 Catholyte and Anolyte pH

It is essential to measure and predict the pH changes across the soil since pH is a master
variable in chemical equilibria and dissol ution/precipitation, agqueous phase and sorption reactions
in the pore fluid. Zeta potentia of the clay and dectrooamatic coefficient of permeability across the
soil may be affected by the changes in pH (Daniel and Eykholt 1994) while the fabric of the soil
and engineering characteristics such as hydraulic conductivity also will be influenced by pH
(Mitchell 1993). Since variations in pH imply changes in concentration of H+ ions, pH isaso a
strong indicator of the electrical conductivity which affects dectrica conductance and species
transport in the soil pore fluid under electrical fields.
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In all cases, it was essential to scrutinize the changes in the pH of the catholyte, anolyte,
and the soil. Changes in the anolyte and catholyte pH values in time are displayed in Figure 6.1
for BSTI and BST2, Figure 6.2 for PST1 and PST2. Similar trends were noted. Electrolysis
reactions at the electrodes were expected to cause oxidization of the anolyte, decreasing its pH, and
reduction in the catholyte, increasing itspH. Thereaultsof al bench-scaeand pilot scadetests
demonstrate an initid increasein the pH to about 10-11 &d a decrease in the anolyte pH
tolessthan 2.

The H+ concentration in  the catholyte of Cell B was ailmost a reflection of that in Cell A
which displayed repeatability. Electrolysis reactions at the electrodes caused oxidation at the anode
which decreased the pH in the anolyte to less than 2 and reduction at the cathode which increased
the pH in the catholyte to about 11.0-11.5. Most of the changes in the catholyte and the anolyte
pH were realized within the first 100-200 hours of processing. The magnitude of the pH and its
rate was predicted through Faraday’s Law of equivalence of mass and charge (Acar et a. 1980;
Acar et d. 1990). If itisassumed that al charge is used in generation of the hydrogen and the
hydroxyl ion under steady state conditions and neglecting dl other chemical reactions, one Faraday
of charge (96,500 As) will generate one mole of H+ at the anode and 1 mole of OH- at the cathode
(Acar et d. 1989; Acar et al. 1990). The current of 0.85 A across each cell in PST2 will produce
32 x 10-2 moles of OH- every hour in the two cathode compartments. In the anode compartment,
the H+ production will be twice that amount or 6.4 x 10-2 moles’h owing to having one anode and
two cathode compartments. Considering a 70-2L volume of liquid in each compartment, the rates
of increase in OH- and H+ concentrations will be approximately equal to 4.6 x 104 mole/Lh and
9.1 x 104 maleLh, respectively. The H+ concentration estimated using this rate of increase agreed
with each aher only within the first 50 h . Subsequently, the H+ concentration at the anode and the
OH- concentration at the cathode fel short of the values predicted only by the eectrolysis reactions.
The differences were due to 1) prevailing secondary electrolysis, 2) transport of hydrogen and
hydroxyl ions across the specimen towards respective counter electrodes and the agueous phase
reactions associated with their transport (Alshawabkeh and Acar 1996), and 3) the dilution of the
speciesto alarger volume due to transport

One factor that may have affected changes in the catholyte and anolyte pH includes the
water auto-ionization reaction and electrodeposition reactions. Some of the H- and OH- generated
by electrolysis reactions at the electrodes reacted to produce water in the soil pores, in accordance
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with the mass equilibrium of the water auto-ionization reaction (cyg coy = Ko ):  INareeseof the

concentration of lead in the cathode compartment, as a result of transport processes, caused the
following competitive dectrodepogtion reaction

Pb2* +2e" — Ph(9) E°= 0.126 (6.1)

The results of BST2 displayed that around 44% of initial lead is found precipitated and/or
electodeposited on the cathode, while in PST2 less than 1% is found on the cathode (the results of
final lead distributions are presented in Section 6.6). The main procedurd difference between the
two tests was the placement of the cathode. The eectrodeposition reaction must have affected the
catholyte pH in bench-scale tests when the dectrodes were held in contact with the soil specimen.
This effect may have been the cause of the gradual decrease in catholyte pH in BST| and BST2
ater 100 h of processing. The fina catholyte pH recorded in these tests was around 9. On the
other hand, concentrations of Pb2* in the catholyte in pilot-scale tests Were not high enough to
stimulate any electrodeposition of lead on the dectrodes. Therefore, for unenhanced applications
the water auto-ionization reaction and/or lead dectrodepostion reaction may have effedted the
efficiencies of electrolysis reactions when the pH of the effluent increased to around 11. When the
pH of the catholyte remained within 7 to 11, then the electrolysis reaction were expected to be
mainly water reduction.

6.3 Soil pH

Distributions of pH across the soil at the end of processing BSTI and BST2illustrated the
advance of the acid front developed at the anode towards the cathode (Figure 6.3). The anode
region showed a soil pH of less than 2 while the cathode region showed a final pH of 4 to 5,
which was in the range of the initial soil pH (the terms anode and cathode regions are used in the
manuscript to represent the region between the eectrodes and midsection of the soil specimen).

The final pH distributions across the pilot-scale soil specimens are shown in Figure 6.4 for
the middle layer in PST1, Figures 6.5 and 6.6 for Cell A and Cell B of the middle layer in PST2
(layer 3). Datafor fina pH distributions in al bench-scale tests and pilot-scale tests are presented
in Appendix D. One-dimensional pH profiles across the soil specimen were similar and they did
not display significant changes with depth. The results also displayed that the pH within the anode
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region decreased to about 2.5in PST1 and to 1.5 in PST2, while the cathode region the pH stayed
within the initial vaue in both tests (4.7 in PSTI and 4.5 in PST2). Slight differences at the anode
region between the two te3S could be related to the differencesin processing (2950 h for PST2 and
1298 h for PSTI). Mean and standard deviation of pH distributions across the two cells in
PST2 are displayed in Figure 6.7. The acid front was depicted at a distance of 30 to 35 cm from
the anode in PST2 after 2950 h. For PSTI, the acid front was at a distance of 16 to 18 c¢m from the
anode after 1298 h.

The rate of advance of H+ towards the cathode was evaluated using measured pH changes
across the specimen with time. The resultsfrom PST3 were used for this purpose. pH changesin
time in PST3 were plotted for certain points dong the specimen (5 cm, 15 cm, and 25 cm from the
anode). The time required to reach a specific pH value in these points was recorded as shown in
Figure 6.8a. A pH value of 3 wastaken as the reference value because it is equal to 50% of the
chage in the anode pH. The two points selected in the soil were at distance of 5cmand 15cm
from the anode. The time reguired for these points to reach a pH of 3 was 5 days for the first point
and 15-16 days for the second point (Figure 6.83). Figure 6.8b shows the relation between the
distance from the anode and the time required to reach apH of 3. The slope of the line was
approximately 1.0 cm/d and WaS a good estimate for the rate of advance of the acid front in this
test. The molecular ionic mobility of H+ at infinite dilution was 313em?/Vd (Table 3.3). When an
average tortuosity of 0.45 and a porosity of 0.56 were used, the theoretical value of effectiveionic
mobility was 79 em2/Vd. Considering an average voltage gradient of 0.1 VV/cm recorded in the
anode section of the cel, the rate of advance of the acid front was 8.0 cm/d (if there was no
retardation due to sorption, autoionization, and/or agueous phase reactions). It was noted that the
calculated rate of transport under ionic migration over estimates the measured value. Differences
between the calculated and measured rates of transport of H+ are discussed further in Section 7.3.

6.4 Electric Potential

Figure 6.9 shows the changes in the total voltage across BSTI and BST2. The total voltage
applied across the first specimen increased with time to about 40 V (electric gradient of 4.0 V/cm)
after 169 h of processing. In the second specimen, the voltage increased to about 50 V (5.0 V/cm)
in the first 150 h and remained within that range. The total voltage applied across the soil specimen
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in PST1 increased linearly with time to about 180 voltsin the first 900 hand then to around 200
voltsat the end of the test resulting in a final voltage gradient of 2.9 V/icm (Figure 6.10). The total
voltage applied across each cell in PST2 demonstrated changes similar to those of BST2 and
PST1 . The total applied voltage increased linearly in the first 900 h to about 150 volts (2.1 V/cm)
and remained steady around that value. Total voltage in PST3 showed slight differences When
compared with PST1 and PST2 For the first 300 h of processing, PST3 did not show an increase
in the total voltage. Subsequent to this “induction” period, the voltage increased to about 170V
after 1000h and then increased dightly to about 200V . Differencesin the 300h in PST3 may
have been related to differences in the initial pore fluid chemistry.

The total voltage applied across each specimen depended upon the chemistry developed
across the medium, since the dedric conductivity of the soil was afunction of the ionic strength of
the soil pore fluid. Generally, the soil pore fluid was composed of a multicomponent solution of
different species such as lead, hydrogen, calcium, sodium, nitrate, chloride, and hydroxyl ions.
High initial concentrations of these ions resulted in a high ionic strength and a high pore fluid
electric conductivity. Initially the soil specimens in both bench-scale and pilot-scaletests had a
uniform distribution of the eectric conductivity, asthere is a uniform distribution of charged
species, PH, and ionic strength. However, multispecies transport under the applied electrical
gradient redefined the, electric conductivity distribution across the soil. Electric conductivity

changed significantly from one position to another depending upon the pH and ionic strength.

Therefore, the term “apparent” conductivity, x, was used instead of the effective electric

conoductivity (Acar etal. 1994). x, gave an equivalent conductivity value for the medium across

the electrodes that disregarded the discrete changes in conductivity across the soil. In other words,
the soil across the electrodes was assumed to behave as a series of resistors and the apparent
conductivity represented an equivaient value for all the resistors. The apparent electric conductivity
of each sample was evaluated by,

1,
L= —ET = e (62)

where E was the voltage applied (V), I was the total dectric current (A), L was the specimen
length (cm), A is the cross-sectional area of the specimen (cm?), | was the electric current density

Alem?, i, was the electric gradient V/em, and x, is the apparent conductivity of the soil in S'cm.
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Pilot-scdle testsshowed that the specimens were relatively conductive (greater than 1,000 uS/cm,
which is about the maximum conductivity of potable water). Figure 6.11 displays that the apparent
conductivity in bench-scale and pilot-scale specimens decreased with time until they reached a
constant value (or steady state condition). Similar findings were reported by Hamed et d. (1991).
The decreasein apparent electric conductivity occurred in the first 100 h of processing bench-scae
tests and within the first 800 h to 1000 h of processing pilot-scale tests. It was noted that the
apparent dediric conductivity of PST3 was higher than those of PST1 and PST2 in the first 500 h,
and decreased sharply after that time. The higher eectric conductivity in the first 500 h was the
reason for the delayed increase in the tatd voltage applied across PST3 (Figure 6.10). The high
initial lead concentration in the soil pore fluid rendered high ionic strength and electric conductivity.
The results displayed that changes in species concentration within the first 500 h of processing
PST3 did not have a significant decrease in the electric conductivity of the pore fluid. However, the
sharp decrease after this stage may have been directly related to the precipitation of lead at its
hydroxide solubility limit or due to the effect of the high pH environment developed near the
cathode.

The steady state values of the apparent electric conductivity were around 30 uS/cm in
bench-scale tests and around 50-70 pS/em in pilot-scale tests. Though these values were higher in
the pilot-scale tests than the bench-scale tests, they all fell within the same range, which was about
the electric conductivity of a good city water.

As the dedric current passing through a unit area was constant in time and space, the
change in the el ectric conductivity of the medium was accompanied by the change in the electric
gradient in order to maintain a constant current density. Accordingly, the total applied voltage
increased with time until it reached a steady state value. At thistime, the chemistry across the soil
became independent of ime.  Figure 6.10 displays that most of the voltage increase occurred in the
first 2000 hours of processing of pilot-scale tests, with an increase of up to about 190 V in the first
test, 150V inthe second and 200 V in thethird test. Therate of increase of thetotd voltagein
these tests was almost constant and is within the range of 0.15 to 0.2 V/h. This suggests that the
change in total ionic concentration of the soil specimen was constant with time and implied that the
rate of depletion of the ionic species from the total soil mass due to transport and remova or due to
precipitation or sorption reactions must be constant in time.
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Electric conductivity of the soil in bench-scale and pilot-scale tests decreased in time until it
reeched ageady date vaue (Fgure 6.11). Thisfinding could not be generdized for dl typesof
pore fluid chemistry and soil type. In soil specimens prepared for this study, lead nitrate salt was
initially dissolved in alow pH solution (HNO; acidified) and then mixed with the clay. For this

case, aimost al the lead and the other species were present in ionic form in the soil pore fluid and
were ready to be transported under electrical gradients resulting in relatively high initial electric
conductivities. In naturally contaminated samples, significant amounts of contaminants were
expected to be present as sdlt pracipitates in the soil. In a study of in-situ remediation of heavy
metals by electrokinetics, Lageman (1993) reported that some sites with high initial salt
concentrations showed an increase in thedlectric conductivity after application of the dedricfields.
When the chemical species were present in the form of sats and the ionic conductivity of the pore
fluid was low, the resistance to charge flux was high leading to high voltage gradients. Transport
of the acid generated at the anode across the specimen resulted in dissolution of the sts increased
the ionic conductivity in the pore fluid, and decreased the voltage gradient. However, if the
process was continued unenhanced until the species in the pore fluid were removed from the soil,
the ionic conductivity would again decrease pushing the voltage gradet up again. If enhancement
techniques were used, then introduction of chemicals at the cathode or anode compartments would
have resulted in gpediestransport into the soil, afecting the electric conductivity of the pore fluid.

6.5 Electric Potential Distribution

The eectrical potential profiles across the specimens are displayed in Figure 6.12 for BSTI
and BSI2, Figure 6.13 for PST1 and PST2. All tests demonstrated similar behavior in voltage
profiles. First, a relatively linear distribution was developed due to the uniform distribution of
charged species across the specimen. In time, the profile became nonlinear. Most of the voltage
drop was observed to develop in the soil near the cathode, that implicated development of a zone of
high dedricresgtivity. On the other hand only a small decrease in the voltage was realized within
the anode region. Most of the change in the electric potential distributions was observed to occur
within the first 100 h of processing in bench-scale specimens and within the first 1000 h of
processing in pilot-scale specimens. The eectrica potentia distribution seemed to reach a steady
state condition &ftar this amount of processing.
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Changes in the electric conductivity acrossthe soil and the corresponding variationsin
electric voltage distribution were related directly to the eectrochemica changes in the soil pore
fluid; mainly the ionic strength and pH. The effect of pH on the eectric conductivity was quite
significant in eletrokinetic soil remediation. The efed of soil pH on the conductivity was
evaluated by consdering the contribution of only H+ and OH- concentrations on the conductance of
the soil medium. The contribution of al other ions was assumed to be negligible. The initial pH of
the kaolinite mixture was lessthan 5 in most cases which indicated that most of the current
was carried by the H+ ions. The effective electric conductivity of the soil in this case was then

evaluated by,
FZ
g = T (D;(CH + DiyCon) (6.3)

At infinitedilution the value of D’y was 0.57 times D*;; (Tables 3.3 and 34),
F’D;
RT

c—

(cy + 0.57 coy) (6.4)

Assuming that theinitial soil pH was 5 then the initial effedtive dedric conductivity would be,

L F”D;, F' D

0-s R -9) _
o = R (107 + 0.57 « 107°) =

107° (6.5)

For kaolinite with a tortuosity factor of 0.45 and porosity of 0.56, Equation 6.5 rendered an initial
electric condudivity of about | mS/cm (neglecting presence of other species). The contribution of

OH- was neglected because the contribution of H+ on the dedric conductivity was four orders of
magnitude higher than that of OH-.

Electrolysis reactions increased the H+ concentration at the anode and decreased the soil pH
at the region to about 2. Consequently, the eectrical conductivity within this region increased up to
=10 (FZD'H/RT), which was about 3 orders of magnitude higher than the initial conductivity:

For example, if thepH at the cathode region increased to 8, the electric conductivity would be,

F' D; F’ D;
= RT“ (107" + 057 *107¢) - T *57 . 107 (6.6)

g =

which was two orders of magnitude less than the initial conductivity (Equation 6.5).
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Furthermore, the increase in cathode pH as a result of electrolysis reactions led to
precipitation of most heavy metals and decreased the ionic concentration in the pore fluid.
Conseqguently, the electric conductivity of the soil pore fluid within that zone also decreased.
Therefore, the andogy of seriesresistors may well have been agood representation of theelectrical
conductance across the soil. Small voltage drops occurred at the lower resistivity zone (anode
region) and most of the voltage drop was redized at the interface of the acid/base front (the soil
zone near to the cathode).

6.6 Pore Water Pressure

Electroosmosis is pore fluid transport through soil under an electric field. Measurement of
electroosmosis requires application of an electric gradient across the soil without any hydraulic
head difference (or accounting for any flow under hydraulic or other gradients). Though no
hydraulic head difference was applied across the electrodes in the pilot-scale tests, negative pore
water pressure was developed across the specimen. This negative pore water pressure contributed
to the pore fluid flow. Consequently, a coupled hydraulic flow occurred under the applied eectric
gradient and the generated hydraulic gradient; even though a head difference was not applied across
the electrodes. Assessment of the electroosmotic flow across the specimen required investigating
the effect of development of negative pore water pressure on the pore fluid flow.

Figure 6.14 shows the development of negative pore pressure across PST2. The first
tensiometer located at a distance of 14 cm from the cathode (TEN1 in Figure 5.9) showed an
increase in suction to about -70 kPa within the first 150 h. Suction started after about 200 h in
TEN2 (28 cm from cathode) and after 300 h in TEN3 (42 cm from cathode). TEN4, which was the
nearest to the anode (14 cm from anode) did not display any dgnificant change. It was noted that
suction was first developed near the cathode and slid back to the middle parts of the specimen.
Dissipation of suction in TEN1 and TEN2 occurred after 500 h of processing and in TEN3 after
1000 h. Data for dl tensometers readings in time are presented in Appendix D.

The electric potential distribution across the soil in PST2 demonstrated that most of the
electric potential drop was confined to the soil section close to the cathode (Figure 6.13). The high
electric gradient within that zone (up to 10 V/cm) resulted in higher eectroosmotic flux than the soil
within the anode zone. In kaolinite specimens, the hydraulic conductivity was relatively low (in
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The electric gradient distribution(éi/ox wherei, is the dedricgradient) and the ratio of the
coefficient of electroosmotic permeability to hydraulic conductivity (kgky)-

The soil within the cathode region (up to 42 cm from the cathode) was the section that
demonstrated change in the pore water pressure. The electric potential distribution across PST2
(Figure 6.13) showed that most of the electric drop occurred within this region. Figure 6.13 also
shows that the deadricdrop occurs first near the cathode and then it advancestowards midsections.
Thededtric potentid drop wasredized withen 10 am from the cathode after 210 h, 28 cn fromthe
cathode after 300 h, 35 cm from the cathode after 400 h. After 500h the deditric drop waswithin
45-50 cm from the cathode and remained at this zone till the end of processing. Figure 6.15 shows
acomparison between the dectric potentia profile and suction profile across the specimen after 300
h and 500 h. These comparisons clearly demonstrate that the locauons of the highest suction
developed was where the drop in electric potential occurred (where éi3/dx is the maximum).

6.7 Pore Fluid Flow

The first pilot-scale test (PSTI) was the only one that displayed pore fluid flow under the
applied electric fiddd among the three pilot-scale tests (Figure 6.16). Electroosmotic pore fluid flux
Is afunction of the coefficient of electroosmotic permeability and the electric gradient; therefore,
changes in the electroosmotic flow were expected to be either due to a change in the electric
gradient or a change in the coeffcient of electroosmotic permeability. However, other factors also
were expected to affect measurement of any electroosmotic flow in pilot-scale specimens. These
factors included the effect of any generated pore pressures, and boundary effects in the experiment.
Differences in the fluid flow between the three pilot-scal e tests could have been related to
differencesin theinitial chemistry of the soil pore fluid. Increasing initial lead concentration in the
soil above the cation exchange capacity increased the conductivity of the pore fluid and decreased
the voltage gradient across the specimen. A decrease in the voltage gradient resulted in a decrease
in the electroosmotic flow if the electric current is kept constant.

lonic strength of the soil pore fluid was expected to have a significant effect on charge

transport in the diffuse double layer (or surface current). An increase in the electric conductivity of
the pore fluid due to an increase in ionic strength decreased the fraction of the total electric current
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that passed through the double layer. Figure 3.5(iii) shows that the soil freepore fluid and soil
diffuse double layer could be ssmulated by two resistors that were connected in pardlel. The
electric current passing through each resistor depends on the resdivity of each layer, lower the
resgtivity, higher will be the current. Consequently, having increased the pore fluid ionic strength
increased the conductivity, increased the current component passing through the pore fluid, and
decreased rddively the current component passing through the double layer, if the surface charge
remained a fixed amount. Classical theories of electroosmosis (Hdmholtz-Smoluchowski theory)
have postulated that electroosmotic flow is a result of the current passing through the diffuse
double layer due to transport of the excess charge. Accordingly, adecrease in the electric current
passing through the double layer decreased the electroosmotic flow. Furthermore, decreasing the
soil pH and increesng the electrolyte concentration of the soil pore fluid decreased the thickness of
the diffusedouble layer. This was aso expected to decrease the surface charge density of the soil
particles, and the zeta potential (Hunter 1981), and consequently the coefficient of electroosmotic
permesability.

It should be noted that there are othcr differences between the first pilot-scale (PSTI) and
the other pilot-scale tests. Differences in the placement of electrodes might have also affected the
flow. The eectrodes were held in separate auger holes in PSTI, while they were held in trenches
only in PST2 and PST3. Furthermore, cracks devdapadin the soil specimen only PST1 and they
were not detected in PST1 and PST2. It is not clear how all of these factors have affected the
flow.

Furthermore, the developed suction was expected to influence the flow. The equivalent
hydraulic head difference generated by the suction caused pore fluid flow towards the section with
the highest suction. In other words, pore fluid flow could have occurred from the cathode and the
anode compartments towards the section with highest suction but the net flow was towards the
cathode. However, for soils with hydraulic conductivity of 10-7 cm/s and electroosmotic
permeability of 10-6 em2/Vs, the hydraulic gradient should have been one order of magnitude
higher than the electric gradient in order to &fedthe flow significantly. Furthermore, the
electroosmotic flow depended on the zeta potential, which was a function of the soil pH. The
decrease in pH across the soil within the anode zone to less than 2 might have reversed the sign of
the zeta potentid. In this case, the éetroosmotic flow might have reversed its direction and a flow
may have prevailed from the cathode to the anode (Eykholt 1992). All these factors affected the
pore fluid collected in the cathode in a complex manner.
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The coefficient of electroosmotic water transport efficiency, k;” formalized the volume of
water trangported by aunit charge and it was given by

k = =+ (6.7)

The value of k; was expected to change with time depending upon the value of q if | was constant

throughout the process. If the incompressible medium assumption is made and neglecting the
effects of pore fluid chenmidry and pH on the zetapaentia, thenk; will also have a constant value

across the specimen at any specific time; however, the soil undergoes a consolidation process and

the experimental results demonstrate volume change across the specimen. Therefore, the value of

k; is also expected to vary from one position to another at any specific time.

Bench-scale studies reported by Hamed (1990), Eykholt (1992), and Acar et a. (1994)
displayed different electroosmotic flow efficiencies. Most of these bench-scale studies were
conducted with kaolinite specimens spiked with lead, cadmium, chromium, and copper species at
concentrations less than the cation exchange capacity of the soil. The evaluated coefficients of
electroosmotic flow for these tests were inthe range of 10-5 to 10-7 em2/Vs. Hamed (1990) and
Hamed et al. (1991), dso demonstrated that for bench-scale tests conducted using 10 cm
specimens, there was an electroosmotic fluid flow only within the first 100 hours of processing
and this flow decreased with time. Consequently, the coefficient of electroosmotic permeability
measured in these tests increased within the first 100 h to about 2x10-3 em%/Vs and then decreased

to around 1x10~7 em?/Vs after about 500 h of processing

PST1 showed that k, increased with time to 104 cm?/Vs (Figure 6.17). This contradicting

behavior in PST1 compared to the results of Hamed (1990) and Hamed et al. (1991) may have
been related to the differences in the setup of bench-scale tests and pilot-scale tests. The open
surface of the soil specimen may have had a two dimensional effect on the fluid flow.
Furthermore, the volume change in PST1 may have resulted in development of cracks across the
specimen and also some separation zone appeared betweanthe soil and the liner along the sides
near the cathode. These factors may have significantly affected the fluid flow rendering a flow and
an gpparernt k. value
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6.8 lonic Migration vs Electroosmosis

The relative contribution of electroosmosis and ion migration to the total mass transport
varies for different soil types, pore fluid concentration, and processing conditions. Under electric

fields, Acar and Alshawabkeh (1993) proposed a dimensionless mass transport number, 4,
AT (6.8)

which defined the relative contribution of the migrational mass flux with respect to the
eectroosmotic mass flux under aunit eectric gradient. Figure 6.18 presents the change in transport

number, A, for different species. Coefficients of electroosmotic permeability in this figure were

obtained from the results of Hamed (1990), Hamed et al. (1991), and Acar et d (1994). Figure
6.18 demonstrates that the fate of mass transport by ion migration was orders of magnitude higher

than that by electroosmosis. lonic migration was expected to be the primary transport mechanism
for ionic species under electric gradients. Furthermore, the results of bench-scale tests and pilot-

scale tests conducted in this study at concentrations higher than the cation exchange capacity of the
clay demonstrated that there was no electroosmotic flow. In such cases ionic migration would have
been the, primary if not the only, effective mass transport mechanism.

6.9 Volume Change

Figure 6.19 gives the water content profiles in bench-scale tests. A decrease in water
content in mid-parts of the specimens was accompanied by a corresponding increase near the
electrodes (swelling). Similar observations were made in the pilot-scale tests (Figures 6.20 and
6.21). Datafor final water content distributionsin all layers are presented in Appendix D.

The change in water content across the soil was a direct indication of change in pore water
pressure and the effective stresses. Since the total stress across the specimen was kept constant,
development of suction was accompanied by an increase in the effective stress. Consolidation
occurred due to the changes in the effective stresses and release of the generated suction
accompanied the consolidation process. The rate of change in suction was dependent on the soil
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hydraulic conductivity, coeffident of electroosmotic permeability, and coefficient of volume
compressibility of the soil medium.

Fgure 6.19 demonstratesthat the decrease in water content in the shorter duration test
(BSTI) was less and closer to the cathode than that in BST2. This indicates that more volume
change occurred in the longer duration test. Furthermore, volume change progressed from the
section closeto the cathode to the midsection of the specimen.

Figures 6.20 and 6.21 show that the water content decreased at middie parts of PST2 to
about 32% while at the cathode and anode increased to 46-48 %. The increase in water content near
the electrodes was observed in all specimens. The support used for the electrodes did not provide.
confinement to the soil near the electrodes. The soil was in direct contact with the fluid in the
electrode compartments. When intact clay gets in direct contact with water without confinement,
clay will disperse into the adjacent water (Mitchell 1993). Swelling will occur as aresult of water
adsorption by the clay.

Find water content distributions across the soil specimens showed similar patterns in both
these bench-scale tests and pilot-scale tests. A decrease in water content was depicted at
midsections of all specimens. Since total stressin the soil was constant and did not change with
time, the increase in the negative pore water pressure was accompanied by an increase in the
effective stress. Consolidation occurred due to the changes in the effective stresses and release of
the generated suction accompanied the consolidation process. The rate of change in suction was -
dependent on the soil hydraulic conductivity, the coefficient of electroosmotic permeability, and the
coefficient of volume compressibility of the soil medium.

The changes in water content across the soil and the suction profile recorded across the
electrodes could not be rationalized using the conventional theories of electroosmotic consolidation
presented by Esrig (1968), Wan et a. (1976), Lewis et al. (1973), Bruch (1976), and Banerjee et
a (1980a). These theories assume constant electric potential distribution across the specimen and
neglect the effect of electrochemical changes on the electric potential distribution. Consequently,
negative pore water pressure is expected to be generated in the zone near the anode only if an
impermeable anode is used allowing no water flow from the anode towards the soil. These
theories did not predict any pore water pressure if both the anode and the cathode were kept open
for water flow and the water head was kept constant at both boundaries.
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6.10 Efficiency of Lead Removal

Bench-scale tests at a concentration of 1,439 ug/g displayed transport and removal of lead
across the soil specimens. Final |ead distributions demonstrated that the longer duration test
(BST2)resulted in a higher degree of removal than the shorter duration test (BSTI); however, in
both tests significant masses of lead were found precipitated close to the cathodes (Figure 6.22).
Massbalances of lead in both tests at the end of processing are presented in Figure 6.23. BSTI
demondtrated that about 73% of theinitial lead was transported from sections (I-9) and precipitated
in the last section near the cathode (section 10). BST2 demonstrated 65% of total lead was
removed from the soil sample, 96% of which was from sections 1-9 The greatest fraction of the
lead (about 44 %) was found precipitated and/or electrodeposited at the cathode. Differencesin the
results between the two tests were due to the differences in processing periods; 169 h for the first

test and 598 h for the second test, both at a current density of 127 wA/em2. In general, final lead
distributions in these tests displayed that the removal efficiencies were similar to those reported by
Hamed et d. (1991) and Hamed (1990).

Three layers at different elevations were analyzed for final lead distribution in PSTI. Figure
6.24 presents a 3-D contour diagram and the mean and standard deviation of final lead distribution
across the middle layer 6 thistest. Data for other layersare presented in Appendix D.

During processing PSTI, the soil at the cathode region showed more consolidation and
volume change than the soil at the anode region. At the end of processing (1,300 h), cracks were
developed across the soil surface (plate 6.1). These cracks were located at midsections of the
specimen and close to the cathode. Development of such cracks was not anticipated. The top layer
of PST2 and PST3 did not show any cracks such as those developed in PSTI. Thereis no clear
explanation yet for the development of these cracks. It has been hypothesized that cracks might
have been generated in PST1 due to the significant volume change at the cathode region together
with the loss of support created by the specific electrode support system.

PST1 was the first pilot-scale test conducted. The initial lead concentration in this test was
about half that of PST2 and about 16% of the amount loaded in PST3. It was the only test that
displays electroosmotic flow. Hence, it was postulated that the low initial concentration in this test
(compared to concentrations in other pilot-scale teats) was the reason for higher electroosmotic flux
at the cathode zone, that resulted in development of higher suction values of up to -90 kPa, higher
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Mass Balance For Bench-Scale Tests(% of Initial Lead)

Section Name BST1 BST2
[ Section 10 82.38 32.54
Sections 1 to 9 23.18 3.15
Effluent 0.04 0.04
Electrodes 2.34 44.29
Error ' C1-794 19.98

120.00 ¢
'§ 100.00 +
= 50001 Error
S O Sec's. 1-9
= 60.00 +
g ’ : W Sec. 10
‘e 40.00 +
= I Electrode
f; 2000 1 B Effluent
R 000 !

-20.00 +

Bench-Scdle Test s

Figure 6.23: Mass Baance for Bench-Scale Tests (BSTI=169 h, BSTt=598 h.
| = 127 wA/am’ for Both)
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effective stresses and more consolidation within that zone. At the same time, the anode region did
not display as much consolidation because less suction was eqoaededto develop at that zone.
Consequently, the volume change at the cathode zone due to consolidation was higher than that at
the anode zone resulting in development of cracks at the interface (as shown in Plate 6.1).

Unfortunately, suction prafilescould not be measured in this test due to failure of the tensometers

and limited experience with tensiometers at the time

Final chemical analyses of the soil in PST1 have shown a nonuniform lead distribution
across the soil mass. Figures 6.24 and 6.25 demonstrate that different sections of the soil
contained less than 0.1% of the initial concentration, while other parts contained high lead
concentrations. 1t is noted that most of the high lead concentrations were found aong the cracks. A
comparison between final lead distribution in the top layer of PST1 (Figure 6.25) and locations of
the cracks at the surface of the specimen (Plate 6.1) clearly demonstrates that the high lead
concentrations were cited at same locations of these cracks

Figure 6.26 displays the mass balance in PSTI. Most of the lead was found precipitated in
the last section close to the cathode, which contained about 54% of the initial lead. The 0il across
the electrodes (excluding the last section) contained around 40% of the initial lead; most of it was
found in permetivity of the cracks. Almost no lead was found in the catholyte because of the high
pH Approximately 1% of theinitial lead was electrodeposited and/or precipitated at the dectrodes.

The second pilot-scale test (PST2) demonstrated successful removal and trangport of lead
across the soil specimen from the anode towards the cathode. Figures 6.27 and 6.28 display final
concentration profiles across the middle layer of PST2. Most of the soil across the top layer (up to
the last 7 cm of the cathode zone) displayed more than 90% removal, with afind concentration of
less than 150 ug/g. Most parts of the soil demonstrated a final concentration of less than 50 ug/g,
with removal efficiencies up to 98% of the initial lead. Some stripsin the middle part of the soil
between the electrodes displayed concentrations of about 20% of the initial concentration (or 80%
removal). The middle layer of the sample (layer No. 3) demonstrated similar behavior at the top
layer and at other layers presented in Appendix D. More than 90% removal (up to 98% in most
parts of the layer) was achieved across the specimen. Strips with 80% removal aso appeared at
certain sections in the middle of the specimen. Comparing the results of layer 3withthe other
layers, showed that there were no major differencesin the final concentration distributions between
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Mass Balance For PST1
Initial Concentration = 856 mg/kg
Total Lead =479

Section Name | Lead (g) | % of Lead
{Effluent 0.01 0.00
{Electrodes 5.67 1.18

Layer 66.52 23.1 i

Layer2 53.54 38.54

Layer3 67.04 - 31.88

Total 94 .69

Error 5.31

100.00
= 80.00 4 Error
-]
= 60.00 I Sec. 11
-]
= 4Q.00 2 Sec’'s|-10
5 /
s 20071 = Hledtrodes
BQ O-OO ] \\m\\x\\\“\\\\n\\\ . Effluent
-20.00

Figure 6.26: Mass Balance for PST1 (Duration=1300 h, I,= 133 uA/an’)
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the layers. All layersin cells A and B demondtrated that most of the lead was transported to the
cathode zone.

Figure 6.29 presents lead mass balances in both Cell’s A and B of PST2. The two cells
have shown identical and symmetrical final lead distributions, In both cells, about 80% removal
was achieved in the goedmen, while 90% removal wasachieved in sections 1-9.50% of the lead
was round in the last 2 cm near the cathode and about 15% to 20% was precipitated on the fabric
separating the soil from the cathode compartments. Almost no lead was found in the cathode
compartment (less than 0.01% of theinitial lead was found in the catholyte and only 0.02% was
precipitated and/or electrodeposited on the graphite electrodes). It was noted that the error in mass
balance in Cell A andCell B was about 17-19% of the initial lead (Figure 6.30). The size or
volume of the spiked matrix was not specified. In bench-scale tests, soil mass was more under
control than pilot-scale tests. The whole bench-scale specimen was divided into section and

analyzed rendering high percent recovery. However in pilot-scale tests, representative samples

were taken from the soil for analysis, and not the whole sample. Therefore, more error was
expected in pilot-scale tests. In any case, a percant recovery of 80-85% of the initial leadwas
achieved, which has surpassed EPA requirements [80-120% (Simes 1989)].

The results of PST2 have shown the efficiency of the process in transport of Pb across the
specimen towards the cathode. The lead input in the soil system was in the agueous phase since the
initial soil pH is about 4-5. This facilitated trangport of lead. Although lead adsorption on the soil
particles was expected to retard its transport, the results have shown that adsorption did not have
any significance on lead removal. The find lead concentration in most parts of the specimen was
found to be less than 150 pg/g which was much below the cation exchange capacity of the soil.

Soil type, pore fluid chemistry, and pH were the major factors that affected lead sorption
and retardation. As presented in Table (2.2), lead was highly retarded and adsorbed on clay
minerals. Kaolinite was the mineral used and it has low sorption capacity compared to other
minerals (such as montmorillonite or illite). The cation exchange capacity for Georgia kaolinite
was 1.06 mcg/l00 gm of dry soil (Table 5.2); which was much less than that for other minerals
(80-150 meg/100 gm for montmorillonite and 10-40 meg/100 for illite). Therefore, Georgia
kaolinite was not expected to show significant retardation to lead transport. The presence of illite
and montmorillonite in natural deposits was expected to cause a more sgnificant retardation of lead
transport. Furthermore, the soil pH was initially around 4 and decreased to less than 2 (especialy
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Mass Balance For PST2 °
Initiat Concentration = 6401 mg/kg

Total Lead = 803.4

% of Initial Lead

Figure 6.29:

_ | Cell A Cell B
Section Name | Lead (g) | % of Lead | Lead (g)| % of Leadl
Sections 1t0 9 69.86 8.69 66.7 8.30 |
Section 10 96.04 11.95 86.52 10.77
Last2cem 398.4  49.57 353.70 4401
Fabric 119.2 14.83 154.20 19.19
Electrode - 1.62 0.20 [.39 0.17
Effluent 02 0.00 0.08 001 |
Total (g) 685.14 85.25 662.59 82.45
Error ' -14.75 -17.55
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near the anode) resulting in desorption and dissolution of lead into the pore fluid. Such conditions
in low sorption capacity soils and acidic conditions resulted in amost no retardation in lead

transport.

PST2 displayed different results than bench-scale tests in the mass of lead precipitated
and/or dectrodeposited at the dectrodes. In PST2 about half of theinitial lead was precipitated in
thelast 2 cm near the cathode, with dmost no lead found on the cathode, whereasin BST2 most of
the initial lead was found at the cathode. The differences batwean thesetests were rdated to the
differences in placement of electrodes. In pilot-scale tests, the electrodes are placed in
compartments filled with water and separated from the soil with a fabric. This dffersfrom bench-
scale tests where the eectrodes were separated from the soil by only afilter paper that was in direct
contact with the soil and the electrodes. Lead precipitation within the last section near the cathode in
PST2 was due to the high pH within that region. This section was in direct contact with the
cathode compartment that had apH of 11. 1t was necessary that the lead be dissolved in order to
transport into the catholyte which necessitated a very high or low pH in the catholyte. Research
ongoing at LSU and Electrokinetics Inc. is investigating the use of different enhancements
techniques to eliminate the problem of heavy metal precipitation at the cathode (Acar et al. 1993).

Results of the pilot-scale tests demondrated the efficiency of using the process for the
transport of heavy metals from pilot-scale kaolinite samples. Specimens with high initial
concentrations of lead (above the cation exchange capacity) displayed a more uniform removal than
samples |oaded at an initial concentration below the cation exchange capacity.

The results of the pilot-scle studies conducted demonstrate the feasibility of electrokinetic
soil remediation. However, the effects of other factors, such as soil inhomogeneities, presence of a
multicomponent electrolyte, and the presence of avariety of heavy metal salt at high concentrations
should be further investigated.

6.11 Energy Expenditure and Cost

Evaluation of energy expenditure was an important component in evaluation of the total
cost of the process. Energy expenditure is evaluated per unit volume of the soil treated in kWh/m3.
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A smadl increasein energy expenditureto about 3khvm’occurred in the first 100 h of
processing BSTI and BST2 (Figurc 6.31). Subscquently, energy increased linearly with time to
about 60 kWh/m3 in BSTI after 169 h and to 330 kWh/m3 in BST2 after 598 h. Differences
betwcen the total energy expenditures in BSTI and BST2 were related to differencesin processing
periods. Processing time for BST2 was about 3.5 times that of BSTI. Both tests displayed similar

behavior in energy expenditure because they shared the same current density and initia
concentration.

* Energy expenditures in PSTI, PST2, and PST3 increased dlightly with time within the first
500 h of processing to about 50 kWh/m? (Figure 6.32). Subsequent to the nonlinear segment of

the first 500 h, energy expenditure increased linearly with time to about 325 kWh/m3 in PST1 after

1300h, 700kWh/m3 in PST2 after 2950 h, and 700 kWh/m3 in PST3 after 2500 h of processing.
Figure 6.32 implies that the steady state conditions with respect to energy expenditure were
realized within the first 500 h for PST1 and PST2, and within the first 700 h for PST3. Both
bench-scale tests and pilot-scale tests have shown similar trends in energy expenditure. In all
cases, energy increased at alow rate at early stages (100 h in bench-scale tests and 500-700 hin
pilot-scale tests), then the rates increased and remained constant. Energy expenditure was directly
related to the corresponding electric potentials. The nonlinear changes in energy expenditure
redized early in the processwere associatcd with the increase in the total voltage applied within the
first 100 h in bench-scale tests and within the first 2000 h in pilot-scale tests,

The electric power per unit volume, P, evaluated the rate of increase in energy expenditure
with time,

El .
P:Tf-: I Te (6_9)

Figures 6.33 and 6.34 display time changes in the dedric power in bench-scae specimens and
pilot-scale specimens, respectively. Generally, the results displayed that the el etric power
increased linearly with time until it reached a constant value (or steady state condition). In bench-
scale tests, the electric power increased within the first 100 to 150 hours and reached a constant

value of about 600 watt/m*® For pilot-scale tests, 800 to 1000 hours were required for the power to

reach a constant value of 250-350watt/m3. It was noted that, at steady state conditions, the eectric
power per unit volume of the soil in bench-scale tests was about twice that of pilot-scale tests.
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Equation 6.9 shows that the electric power was equal to the current density times the
voltage gradient. For al bench-scale and pilot-scale teds the current density was the same and
therefore, changesin the power and energy expenditure were due to changes in the voltage
gradient. Comparing the bench-scale and pilot-scale tests, the final electric gradients across the
samples were about 5 V/cm in bench-scale tests and 2-3 V/cm in pilot-scale tests as discussed in
previous sections. Table 62 summearizesthe differences between the electric propatiesand energy
consumption of bench-scale and pilot-scale specimens at the end of processing.

6.12 Pore Fluid Chemistry

Figure 6.35 shows the distribution of the free anions in the soil pore fluid at the end of
processing PST2. Free anions concentrations were determined by mixing 2.0 g of dry soilwith
40.0 ml of deionized water. The results displayed a uniform distribution of these anions across the
soil between the dectrodes Metals' distributions at the end of the processing of PST2 are shown
in Figure 6.36. Distribution of Al was shown in a separate figure because it was present at
concentrations sgnificantly higher than the other cations. Ca and Na showed almost a uniform
distribution across the sample. Fe had the same unifam distribution but with an increase at the last
section near the cathode. This increasein Fe concentration might have been related to precipitation
of its hydroxides at thar solubitity limit in the zone of high pH near the cathode.

Both Al and Si displayed concentration profiles different than the other metals. Their
concentrations at the anode zone were significantly less than those at the cathode zone. Their
distribution was similar in shape to the final pH across the specimen. The acid generated at the
anode resulted in dissolution of the dlay mineral releasing Al and Si which were then transported
under the electric gradient to the cathode. This may have been a reasonable explanation of reduction
in the source concentration of these species at the anode. On the other hand, at the cathode the pH
did not drop to a vaue that could have caused minerd dissolution. The effect of pH changes across
the soil on mineral dissolution would aso &ffedt the electroosmotic flow and the sorption capacity
of the clay. Such efectson theefficiency of the process were not investigated.
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Table 6.2: Measurement Units Used for Variables Identified in EK-REM

-

Parameter BSTI [ BST2 | PST1 [PST2

Final Electric Gradient (V/cm) 4.2 4.2 2.9 2.0

Final Hedric Conductivity (sSfem) | 30 30 50 70

Final Electric Power(watt/m?): 520 | 650 | 380 | 270

Energy Expenditure (kWh/m3) 60 330 | 325 700

Processng Time 69 | 596| 1300|2950

Energy cost=($/m?®) 3.0 | 16.5 | 16.3 [35.0

. =0.05%/m?
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6.13 Temperature Changes

. Thamoooupleswere used to monitor temperature changes across the soil specimen and at
the electrodes. Figure 6.37 displays these changes for PST2. Data for temperature changes in this
test are presented in Appendix D. Four thermocouples were used in this test; one in the cathode
compartment (catholyte), one in the anode compartment (anolyte), one in the soil at the anode
region, and the fourth one is placed in the soil a the cathode region (Figure 5.9). The
thermocouple placed in the anode region failed and rendered unrealistic temperature values.
Reliable measurements were obtained from the other three thermocouples.

In PST2, the origind temperature before processing the sample was 23° C. The results
demonstrated an increase in the temperature at different rates across the soil specimen adat the
electrode compartments. Soil sections near the cathode experienced the highest increase in

temperature (23° C to 42° C) while the anolyte experienced the lowest increase in temperature(23°

Cto 359 C). The heat flux due to dedncd gradients was a function of the electrical potential

gradient and heat conductivity of the medium under eectric fields. The eectrolyte concentration
was agan expected to have a significant role in generation of heat. When the pore fluid
conductivity was high, the resistance to current should have been low, and energy loss due to heat

should have been rdativedly low. On the other hand, the zone of high electric resistance near the
cathode resulted in higher voltage drop and energy loss.

Most of the temperature increase occurred in the first 1000 h of processing, which was the
same time that showed most of the increase in the voltage across the soil. Differences in
temperature changes between the soil and the dectrode compartments were related to the voltage
distribution. Most of the voltage drop was developed at the cathode region resulting in a higher
increase in temperature a that zone.
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6.14 DataQudlity

Precision, completeness, acuracy method detection limit, and mass balance were the data quality
indicators used in this study. Procedures and relations used for evaluation of these indicators are
presented in Appendix F.

Precision: Duplicate measuranents were taken for 20% of the samples. Precision was expressed
as relative percent difference (RPD). Table 6.3 shows the results and precision caculations for the
second layer in PST2. In al duplicate samples, the RPD was less than 40, which was specified as
the maximum alowed vaue in the QY @C Project Plan. Accordingly, all these measurements are
considered valid with 100% completeness @O

Accuracy : Accuracy of data can be expressed as percent recovery (%R) from laboratory matrix
spikes. Table 6.4 shows sample resultsused for accuracy evaluation. Three spikes with initial lead
concentration of 10, 50, and 90 mg/kg and blank samples were analyzed for lead content. Percent
recovery in all Samples was greater than 95%. Two of the samples had percent recovery greater
than 99%.

Initial lead concentrations were measured after mixing and compaction. The measured
concentrations were then compared with the targeted concentration as described in Section 5.12.
Table 6.5 compares targeted values to measured values. The results show that the target
concentration were not identically achieved, but they fell within a standard deviation of the
measured values. It is noted that measured lead concentrations in the pilot-scale tests were higher
than the target concentrations, while the opposite is true for bench-scale tests. It was possible to
employ a stricter control in the bench-scale tests rather than the pilot-scale tests. In any case,
percent recovery in these measurements were between 95% and 107%.

Mass balance: Mass balance calculations are presented in Figures 6.23, 6.26, and 6.29. In all

tests, the error was less than 20%. This error is not expected to significantly affect the quality of

data collected. The error could be to related human, instrumental, and/or procedura error. In the

pilot-scale tests, each sample is representative of about 3 kg of soil. Although, care was taken in
homogenizing and mixing each sample, minor variations in the concentration could affect the
results. In any case, an error of less than 20% in mass balance calculations was expected and the

results meet the QA/QC project plan objectives of a maximum mass balance error of 20%.
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Table 6.3 Sample Precision Calculationsfor the Second Layer in PST2

Section _ T Cl C2
(¢cm) . [ (cm) (mg/kg) (mg/kg) (%)
A2 - Al 3.5 11.25 30.48 23.4 26.28
A2 - A2 10.5 11.25 18.28 17.74 3.00
I A2 - A3 17.5 11.25 15.94 14.54 ©9.19
A2 - A4 24.5 11.25 89.36 71.28 22.51
l A2 - AS 31.5 1125 | 283.00 227.40 2179 |
| A2- a6 38.5 11.25 146.50 168.36 13.89
| A2- A7 45.5 11.25 25.86 33.64 26.15
A2 - A8 525 1125 274.40 197.38 32.65
A2-A9 59.5 1125 95.78 115.4 1858
A2 - Al0 66.5 11.25 1959.60 1670.60 15.92

Table 6.4 Sample Accuracy (% Recovery) calculation for Lead Spiked Samples

Sam ple Actual Measured M easur ed %

Number Conc. | Spiked Conc. | Unspiked Conc.| Recovery
(mg/kQ) (mgkg) (mg/kg)

Sample 1 [ 10.00 10.06 0.53 95.30 %

Sample 2| 50.00 50.18 0.54 99.28 %

Sample 3| 90.00 90.26 0.54 99.69%

Table 6.5 Target and Measured Lead Concentrations in Bench-Scale and Pilot-Scale Tests

Tarqet _ Measured Standard Deviation
Concentration Concentration | of Measd. Conc. Recovery
(mgkg) (Mmgkgd) (mgkg)

BST1 & BST2| 1,500 | 1,439 | 79 | 959
PST1 | 850 856 54 | 1001
PST2 | 1,500 1,533 63 | 1022
PST3 5,000 5,322 |




Section 7

MODEL PREDICTIONS AND COMPARISONS WITH PILOT-SCALE
TEST RESULTS

7.1 Introduction

The principles of modeling coupled-reactive multicomponent species transport under an
electric field in a saturated soil results in a system of differential/algebraic equations. These are
presented in Section 3. The partial differential equations describe fluid, charge, and species
transport while agebraic equations describe the chemical reactionsin the soil porefluid. Section 4
presents the numerical scheme used to solve the developed system. The computer code EK-REM
(ELECTROKINETIC REMEDIATION) is written using Fortran on an IBM RS/6000 cluster
running with the Unix operating system. A list of the program and the input and output pertinent

to the pilot-scale study are given in Appendices A and B. A summary of the subroutinesis
presented below.

7.2 Flow Chart for EK-REM

Figure 7.1 presents the flow chart of EK-REM. The main program opens the files where
the input and output of the numerical calculations are saved. EK-REM also reads the time step
(DT), number of nodal points (NUMNP), elements (NUMEL), species (NCONT), and cycles
(NCYCLE) from the input file before calling subroutine INPUT.

Figure 7.2 describes a flow chart for subroutine INPUT which reads the initial parameters
and initial conditions pertaining to the system. At each node, INPUT requires the coordinates,
boundary condition codes together with the initial potentials and species concentrations in the pore
fluid. Initid soil parameters such as the hydraulic conductivity, coefficient of electroosmotic
permeability, tortuosity, porosity and total length of the specimen are defined in INPUT.
Diffusion coefficients and electric charges of the chemica species are aso input in this subroutine.
Findly, INPUT reads the boundary conditions for each element and specifies the concentration or
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Figure 7.1: Flow Chart for EK-REM
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Figure 7.2: Flow Chart for Subroutine INPUT
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flux of each gevies & these boundries. EK-REM employs the data fed in INPUT to calculate the
effective parameters of the differentid and algebraic equations (such as the effective diffusion
coefficient and effective ionic mobility). Calculations for the first time step start with sdvirgthe
differential equations describing species transport. For every species, EK-REM calls subroutine
ELSTIF, subroutine GENER and then subroutine SOLVES to evaluate their concentration across
the soil mass. Subroutine ELSTIF calls subroutine FORMBM which calculates the shape
functions, their first and second derivatives, and the Jacobian matrix for each elenent. ELSTIF
uses these vaues to form [SKf], [VL] [AK],NME] [E], {QQ}, and {F} matrices defined by
eguations 4.144-4.148. This operation is carried out for each species and at every element.
ELSTIF first uses the initial distributions of the dectric and hydraulic potential (time=0) in
evaluation of members of these stiffness matrices. Figure 7.3 shows the flow chart for ELSTIF.

Subroutine CGENER uses the matrices evaluated in ELSTIF to generate the master tiffness
matrix A to caculate the column vector b for each dependent variable at every timestep.  Subroutine
SOLVES sends A and b to subroutine CHOLES which uses Choleski decomposition to invert the
A matrix and multiply it with b vector in evauation of the concentrations a the first time step.

Subroutines PHCHEMI, PHCHEM2, and SORP are then called. These subroutines
evaluate the concentration of the chemical species when subjected to the chemical reactions
described by the algebraic eguations.

EK-REM then calls subroutine PROP which evaluates the first and second derivatives of
the concentration of each species at every element to determine the parameters to be used for the
charge and water transport equations. PROP uses the shape functions and their derivatives
(evaluated in FORMBM) to determine thefirst and second derivatives of species concentrations.
The parameters that will be used in the charge conservation equation are then evaluated. These
parameters include the efective electric conductivity and its gradient and the component of
diffusional charge flux. EK-REM cdls ELSTIF, GENER and SOLVES to provide the solution
for the differential equation describing variation of the electric potential across the electrodes.

The newly calculated electric potential distribution is then compared with the initial values at

eech node. If the difference is more than 05V at any node, then EK-REM |oops over these steps
taking the newly calculated potential distribution as the initial profile.
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Figure 7.3: Flow Chart for Subroutine ELSTIF
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When the concentration and electric potential distributions across the specimen are
evaluated, the second derivative of the eectric potential is calculated and the differential equation
describing the electroosmotic consolidation is solved by calling subroutines ELSTTF, GENER, and
SOLVES. EK-REM then calculates other variables such as dectrooosmatic flux and energy
consumption. At this point, the results for this time step are saved in the output files. A second
gep intimeisthen taken.

7.3 Modding Lead Transport and Removal

Theinitia conditions for PST3 are used in the computer program developed for transport
and removal of lead. Soil parameters and congtitutive rdaions are evaluated, either through
laboratory tests conducted on soil specimens retrieved from the pilot-scale cell, or approximated
from data presented in the iterature. since several variables with different measurement units are
used in this model, non-nomalized parameters are used. Table 7.1 summarizes the measurement
units chosen. Theinput and output datain EK-REM are listed in these units.

7.3.1 Soil Parameters and Constitutive Relations

Accurate estimates of soil parameters and proportionality constants in the constitutive
relations are a substantial component for accurate predictions using the model. Different
parameters are identified and required in modeling coupled reactive multicomponent species
transport under electric fields. Table 7.2 summarizes the values of the parameters and
proportionality constants used in modding PST3.

The principal objective of comparing the predictions of the theoretical model with the pilot-
scale test results is to assess whether or not the theoretical formalism presented reasonably predicts
the mechanics and chemistry of multispecies transport under an electric field. Therefore, it is not
necesary to use acurate measurements of all soil parameters.
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Table 7. 1 : Measurement Units Used for variablcs Identified in EK-REM

Variable unit
Length cm
Time day
Concentration

Pore Fluid mole/L

Soil Mass Mg/ kg
El ectric Potenta v
Current . A
Hydraulic Head cm
Diffusion Coefficient cm?fday
lonic Mobility en?/day - Vv
Hydraulic Conductivity cm/day
Coefficient Electroosmatic Permeability | em?/day - V
Faraday’s Congtant Coulomb/mole

7-7



Table 7.2: Paramanters and Relations Used in Modeling Lead Removal from Kaolinite by
Electrokinetics

Parameter Value
Dy 8,05 em3/day
Doy 4.57 anz/day
Dpy 0.82 em?/day
D~o3 1.64 cm’/day
Dn. 1.15 an®/day
D¢y 1.76 em?/day
ke 8.64x10~! cm3/day - V
ka 5.87x10™2 cm/day
L 70 an
n , 0.56
T 0.44
My Ye 0.1x107% /cm
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7.3.1.1 Diffusion Coefficients and lonic Mobilities

Diffusion coefficients and ionic mobilities of species of concern at infinite dilution are
presented in Tables 3.3 and 3.4 and the values are taken directly from these tables.

7.3.1.2 Tortuosity Factor

Table 3.2 demonstrates that the tortuosity factor, =, for kaolinite varies over a range of

0.12 to 0.50. Alshawabkeh and Acar (1994) and Acar et a. (1989) use atortuosity factor of 0.35
for kaolinite and show that reasonable predictions of acid/base transport are obtained. Shapiro et al.
(1989) and Shapiro and Probstein (1993) use adifferent definition for the tortuosity, which is
equivalent to afactor of (I/1.24) or a tortuosity factor equivalent to 0.65 for kaolinite. Eykholt
(1992) uses a term similar to that of Shapiro and Probstein (1993), a value equivalent to a
tortuosity factor of (1/1.5)2=0.44 is used for kaolinite. The tortuosity factor for kaolinite
specimens is not evauaed by separate tests. A value of 0.45 is used in the model.

7.3.1.3 Cosfficient of Electroosmotic Permeability

The coefficient of €lectroosmotic permeability varies over a wide range(10-4 to 18-7); the
higher values are those for lower activity clays at higher water contents. Ballou (1955) reported k,

vaues up to 1.1x104 em2/Vs for a sodium-kaolinite sample at 92% water content. Experiments
at Louisiana State University rendered maximum k, values of 10-3 cm?/Vs in lead-, cadmium-, or

chromium-spiked kaolinite specimens (Hamed et d. 1991; Acar et al. 1994; Acar et a. 1990;
Hamed 1990).

Earlier attempts to model the electrokinetic process have used k, values in the order of 10-°

cm2/Vs. Alshawabkeh and Acar (1992) used a coefficient of electroosmotic pameeility of 1x10-%

cm?/Vs for kaolinite, Yeung (1990) and Mtchel | and Yeung (1991) used a value of 2x10-5 cm#/ Vs

for the coefficient of electroosmotic permeability for an illitie Altamont clay. Shapiro and Probstein
(1993) evaluated the electroosmotic flow using zeta potential. Eykholt (1992) also evaluated the
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dectrooosmatic flow as a function of zeta potential and used azelapotentid that is dependent upon
the soil pH. A constant k, value of 1x10-% em?/Vs is used in this study.

An electroosmotic flow was not measured in PST2 or PST3. However, this does not
necessarily imply that there was not any electroosmotic flow. As discussed, boundary conditions
may be the fundamenta reason why aflow was not recorded. Furthermore, it is not well
established what the meaning of the k. value would be with the continuously changing chemistry

and dedric patatid gradient across the electrodes. Consequently it is decided to use a constant k.

value of 1x10-3 cm2/V's for this specimen. This value is reported for the first 100h to 200h of
processing of most kaolinite specimens tested by Hamed (1990). It seems reasonable whileit is
not an accurate value. It is essential to provide better experimental measurements to obtain the
values of coefficient of electroosmotic permeability with less physical and chemical
inhomogeneities.

7.3.1.4 Coefficient of Volume Compressibility

Two soil blocks, each of 30cm by 30cm dimensions, are extracted from the middle part of
PST2. Two horizontal soil samples, one for consolidation and one for hydraulic conductivity
measurement, are taken from one block while two vertical samples are taken for the same purpose
from the other block. Consolidation samples are extracted from these soil blocks using
consolidometer rings each of 5.0cm diameter and 2.0cm length. Two consolidation tests are
conducted on these samples. Coefficient of volume compressibility (mv) is calculated for each
specimen using the souereroot time method at 8kg and 16kg loadings (40 kPa and 80 kPa stress).

7.3.1.5 Hydraulic Conductivity

Two hydraulic conductivity tests are conducted, one on the sample extracted horizontally
and the other on the sample extracted vertically. Each of these samples is10.2em in diameter and
5.2cm inlength. Constant rate of flow test (ASTM D5084 method D) is used for hydraulic
conductivity measurement. Figure 7.4 shows measurement of hydraulic conductivity of the
sample retrieved horizontally from the pilot-scale cell (Gokmen 1994).
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7.3.1.6 Lead Sorption

Lead sorption at different pH and concentration levels is described by an empirical relation
that is discussed in more detail in Section 3.7. The parameters of this relation are deter mined using
the results of the study by Yong et al. (1990). Figure 3.7 presents a comparison of the
experimental data of Yong et d. (1990) and the relation used for modeling lead sorption during
processing. It is noted that the relation describes complete sorption of the pore fluid lead at higher
pH vaues. Studies on the effect of pH on heavy metal sorption demonstrate that higher pH values
(= 7) result in complete retardation of the pore fluid metals (Maguire et a. 1981; Harter 1983;
Yong 1990). However, when the pore fluid is basic, soil may display a different sorption
behavior. Any attempt is not made to assess and rationalize adsorption at high pH values.

7.3.1.7 Hydrogen Retardation

Georgiakaolinite has alow cation exchange capacity (1.06 meq/ 100 g) and low buffering
capacity. Yong et al. (1990) has reported that kaolinite does not show major resistance to changes
in the pH dueto its low buffering capacity. This indicates that significant retardation in the
trangoart of H+may natbeatountered in kaolinite. However, it is noted that the values used for
the effective ionic mobility of H + (using the molecular value, soil porosity and tortuosity) do not
provide reasonable predictions of the rate of advance of H +. In al cases, the predicted profiles

show much faster advance rates for H * than the measured profiles (up to 10 times). Differences
between the theoretical and experimental effective ionic mobility (and diffusion coefficient) are
related to either the tortuosity factor or the value of the molecular mobility. Tortuosity factor for
kaolinite does not vary significantly with achangein fabric (0. 1to 0.5). Variation of the tortuosity
within that range will effect transport rates. The presence of other speciesin the pore fluid and the
effect of multicomponent mobilities also will affect the effective values, rendering lower
exparimentd values. It is esssential to estimate a retardation factor for H+ transport. Such a factor
can either be obtained from batch adsorption tests or from bench-scale tests; Both experiments
have their difficulties in providing an accurate retardation factor for H+. The surface charge density
and adsorption behavior of kaolinite changes with decreasing pH making it quite difficult to
formalize the kaolinite-H+ adsorptive behavior. Special experimentation is necessary to evaluate
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the ionic migration of H+ in soils under an dectric fidd Therefaeit seems reasonable to estimate
a retardation factor using the results of the pilot-scae study.

Figure 6.8 shows the relation between the distance from the anode and the time required to
reechapH of 3in PST3. Therate of advance of the acid front edimated inthistest is1.0cnvd.
The molecular ionic mobility of H+ at infinite dilution is 313 em#Vd (Table 3.3). When an
average tortuosity of 0.45 and a porosity of 0.56 are used, the theoretical value of effectiveionic
mobility is 79 em?/Vd. Voltage gradients in the anode zone are about 0.01 to 0. 1V/cm, rendering
arate of advance of the acid front of 0.8 cm/d to 8.0 cm/d. If an average rate of 46 cm /dis
taken, aretardation factor of 4.6 is obtained when the caculated rate is divided by that evaluated
from the experiment. It is noted that this value will significantly effect the predictions of transport
of the acid/base profile, the extent of the prediction zone, the magnitude and distribution of the
electric potential, its gradient aswell as the location and magnitude of the pore water pressure
developed across the electrodes.

7.3.2 Initial and Boundary Conditions

Four differential equations are used to describe the transport of 4 chemical speciesin the
soil pore fluid; Pb3*, H+, OH-, and NO-; . The differential equation describing conservation of
charge together with the differential equation describing eectrooosmatic consolidation bring the total
number of differentia equations to 6. Four algebraic equations are used in addition to describe
chemical reactions of lead in the soil pore fluid. For one dimensional applications, the partial
differential equations require 6 initial conditions and 12 boundary conditions. However, the
algebraic equation describing preservation of electrical neutraity replaces one differential equation,
decreasing the number of differential equations to 5, and boundary conditions to 10.

Table 7.3 summarizes theinitial and boundary conditions for the differential equations used

in the numerical simulation of PST3 (refer to Section 3.7 for definitions and development of these

parameters). Initial H+ and OH- concantrations are taken as 1.0x104M and 1.0x10-19M because
theinitial soil pH is 4. The total initial lead concentration is 5,322 ug/g or 0.0825 M. The initial
hydraulic head is zero and initial dectric potential gradient isassumed to be 0.1 vicm dl across the
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Table 7.3: Initial and Boundary Conditions Used in EK-REM

Variable | LC. Boundary Condition |x=0 | Boundary Condition |x=1
cH 10*M | Julx=o = fJu +(I/F) Jrlxa1= g Ju
cog | 107°M Jonlx=o = gl Jorlxa1 = gt - (I/F)
e | 0.0825M Joslx=o = 0.0 Jpslxar — 0.0
E g =01 Ixmo = I 0.0
h 0.0 0.0 0.0
I=130x10~ Ajem?

F=96,485 C/mol
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soil. Boundary conditions for the equations describing species transport equations are eval uated
using electrolysis reactions at the eectrodes as described in Section 3.

The code is devdoped far two-dimensional applications, therefore it is necessary provide a
two-dimensional mesh even for a one-dimensiond problem. Forty elements are usedeach of 1.75
¢ mwidth x1.75cm length, with atota of 203 nodd points. It was not found necessary to
increase the number of elements as the 8-nodd element is a higher order element. Figure 7.5
presents the one dimensional mesh with 40 elements to demonstrate the procedure used in coding
each element and node. Appendix B presents the input data file and node connectivity used for the
case of 40 dements. Theoutput for thefirg time sep isaso presented.

It is essential to achieve a stable and convergent finite element solution. Element sizes and
time steps are varied to achieve acceptable values. The timestep reguired for a stable finite element
solution for a specific element size depends on the parameters of the differential equation. In
genera, stability of the Gderkin firiteelement method is not considered to be a major problem,
specidly if the parameters are independent of time [(numerical oscilllation may occur, but the
Galerkin method is never unstable (Reddy 1985)]. In this case, however, species concentrations
in the pore fluid,pH, and eectric conductivity change dramatically with time. Since the time step
required for a stable solution depends on these parameters, the range of time increments that render
a stable solution changes in time due to dramatic changes in parameters (specifically the electric
conductivity, and the first and second gradients of species concentrations). There is no method yet
specified to choose the required time step and element size for a stable solution of a system of
differentia equations with such changes.

Different trials are made using different time steps until a stable solution is achieved for a
specific element size. This approach is first used in verifying the finite element solution with the
existing analytical solutions. It is noted that the numerical solution changes if the time step is
changed; however, in each case and for a specific time step range, a convergent and stable solution
isachieved. The finite element solution for this range is shown to compare well with the analytical
solution. Appendix C provides comparisons between the two solutions.

The sharp fronts developed in the dedric conductivity and concentration gradient profiles

lead to computational problems after 50 days of processing. It was not possible to achieve a
convergent solution for the system at that time. Since the objectives of this study are achieved

7-15



10 13 15 18

Flow
dlrsction

.

101 104 108

Connsotivity of elementa ls schieved
by a counter clockwise syslem.

100 189 191 194 194 199 R0},

e
dx={ unit

1»«

i=40 ‘units

Nole: FPlow is ene dimensional, and Ia x direction.

Figure 7.5: Finite Element Mesh of 40 Elements

7-16



through comparisons of the model predictions and the experimental results within the first 50 days,
it is decided to stop and report the results whilethere exists the need to overcome the instability
subsequent to 50 days.

7.4 Results and Analysis

7.4.1 Soil pH

The massflux of OH+ at the cothode increases the pH of the soil within that zone to about
7, while the flux of H+ at the anode decreases the pH at the anode to less than 2 (Figure 7.6). The
initial concentration of H+ in the pore fluid is104 M which is six orders of magnitude higher than
that of OH- (10-1¢ M). These differencesin the initial concentrations are primarily responsible for
the differences in the rate of change of pH at the cathode and the anode regions. The mass of OH-
pumped into the cathode region is orders of magnitude greater than the initial concentration of OH-
resulting in an immediate increase in the pH. At the anode region, the increase in H+ concentration

relative toitsinitial valueis less than the increase of OH- in the cathode relative to itsinitial value.

Consequently, theraeof decrease in pH at the anode is less than the rate of increase in pH at the
cathode (Figure 7.6).

Bench-scale and pilot-scale experiments demonstrate that the cathode compartment shows
anincreasein the pH to about 10-1 1. The pH in the soil pore fluid close to the cathode increases
only to avalue of around 7 in Figure 7.6. The increase in the pH close to the cathode is known to
be due to the mass flux of OH- generated by electrolysis reactions while the pH in the catholyte
risesto valuesin excess of 10-11. The increase in the soil pH is restrained by the ongoing water
autoionization reaction and the precipitation reaction.

Lead hydroxide precipitation at the cathode region depends upon the available
concentrations of OH- and Pb+2 and the solubility product constant. The law of mass action applied
to leed hydroxide precipitation requires (Equation 3.121)

K*”

Cony S

(7.1)
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where K# for lead hydroxide precipitation is 2.8*10-16. For PST3, the initial lead concentration

in the sail isrelatively high (0.0825 M, or 5322 pg/g) and most of the generated OH- at the cathode
will be consumed in precipitation of Pb(OH),. Consequently, the concentration of OH- evelueted

by Equation 7.1 will be within the range of 1.7%107 M to 5.3*10-% M if the dissolved lead
concentration in the soil pore fluid stays in the range of 0.1 M to 0.01 M (the case for PST3).
Furthermore, initial soil pH is about 4 and the some of the mass of OH- generated by dectrolyss

reactions will ig&f with the high initial concentration of H- (104M) to produce water. As aresult
of the two reactions, the predicted pH at the cathode zone increases only to about 7.

The rate of advance of the acid front towards the cathode is faster than that of the advance
of the base front towards the anode. The predicted pH profile across the specimen shows that the
acid front meets the base in the last 10 to 15 cm of the soil specimen within the first 25 days of
processsing (near the cathode). Consequently, the acid front drives the base back to the last 2 cm of
the specimen after 37 days of processing. At this time, the pH profile reaches steady state. The
genegated H+ a the anode and OH- a the cathode reect to producewater a thefront withinthelagt
2 cm oOf the specimen

Comparisons between the predicted and experimental pH profiles after 8,15, and 22 days
are depicted in Figures 7.7 and 7.8. A reasonable agreement is obtained with the experimental
results. The advance of the predicted acid front is faster than those recorded in the experiment.

7.4.2 Electric Conductivity

Figure 7.9 displays the predicted changes in dectric conductivity across the soil specimen.
The electric conductivity is evaluated from concentrations of charged species in the pore fluid.

There are high initial concentrations of H+, Pb2+, OH-, and NO-3, in the pore fluid. The initial
conductivity is higher than 20 mS/cm. Theincrease in the soil pH near the cathode to about 7 and

the prevailing decrease in the dissolved lead concentration result in a gradual decrease in the
conductivity to about 15 mS/cm within the first 37 days of processing. At the anode zone;

however, the advance of the acid front increases H+ concentration and the dissolved lead
concentration in the pore fluid decreases due to transport under electric field. The changein the
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electric conductivity is dependent on the relative change in Pb2* concentration with respect to H+
concentration. If the rate of decrease intheionic strength due to transport leed is higher than the
rate of increase in the ionic stregth dueto the advance of H+ thenthe electric conductivity will

decrease. Theoretically, the conductivity could go either way. The major factors affecting the rate
of change of the conductivity would be theinitid chemigtry of the specimen, the electric current (or

the rate of generation of H* at the anode) and the transport number of each species. The transport .
number isa function of the ionic mobility and concentration; higher the mobility and higher the
concentration of a particulate ion, higher would be its transport number. In this case, the H+ ionic
mohility isabout 5 timesthat of Pb2*, however theinitid Pb2* concentration is about 800 times

theinitial H* concentration. As aresult, the rate of decrease in the ionic strength of the pore fluid
due to lead removal is more dgnificant than the rate of increase in the ionic strength due to the
decresein the pH. A decrease in the electric near the anode to less about 14 mS/cm in
30 days is a consequence.

A zone of very low electric conductivity is developed near the cathode after 37 days of
processing. After 50 days of processing, Figure 7.9 displays a decrease in the electric conductivity
to less than 800 S/cm in the last 10cm Of the specimen near the cathode. Changes in the electric
conductivity across the specimen will result in a nonlinear dedricpotential distribution as long as
the electric curatapplied is kept constant across the electrodes.

Figure 7.10 displays a comparison of the voltage distribution after 100 h and 300 h of
processing. A good agreement is observed between the predicted and experimental values. A
relatively linear distribution is depicted due to the relatively uniform electric conductivity
distribution across the soil. Although prediction of the electric potential is significant in
measurement of the energy required, the rate of species transport under electric fields depends on
the eectric gradient profile across the soil and not on the absolute value of the electric potential.
Therefore, it is essentia that the distribution of electrical potential gradient compare well with
experimental results for accurate prediction of species transport. Figure 7.11 presents comparisons
between the electric gradient in themodd and the experiment after 100 h, and 300 h of processing.
A good agreement is obtained. A uniform electric gradient of about 0.06 to 0.07 V/cm developsin
the model while the experiment displays an electric gradient of about 0.01 to 0.1 V/cm.
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Later in the process (600 h), the zone of low electric conductivity near the cathode results in
anonlinear electric potentid distribution as depicted in Figure 7.12. The electric potentid profile is
similar in the experiment and the model; however, the modd predicts a significantly lower potential
difference than the pilot-scale study (60 V versus 150 V). A comparison between the predicted
and the experimental electrical gradient demontrates quite good agreement, except for the last 15
cm near the cathode (Figure 7.13). The voltage gradient across the specimen is less than 0.1
V/em; however, in the model it increases to morethan 20V/cm in the cathode and remainsat 10
v/cm in the experiment.

The disagreement in the absolute value of electric potential at later stages is due to the
differences in the extent of the zone of low electric conductivity near the cathode. In the
experiment, the zone of low electric conductivity advances farther into the soil specimen than in the
model. Thisis also depicted in the pH profiles. A wider low electric conductivity zone resultsin a
higher voltage drop across the specimen.

7.4.3 Total Pore Fluid Flow and Presure

Figure 7.14 displaysthat at early stages of the process (the first 30 days), the predicted rate
of pore fluid flow is almost constant across the specimen and it isin the order of 0.001 ml/cm2d.
Since a constant value of the coefficient of electroosmotic permeability is assumed, the hydraulic
head is kept zero at the electrodes, and a uniform electric gradient is depicted across the specimen
(Figure 7.1 1), the pore fluid flow is uniform across the specimen at thistime. After 37 days,
however, the nonlinearity in the electric potential across the specimen leads to a predicted,

nonlinear electroosmotic flow rate across the specimen. The highest flow rate (up to 0.2 m{/cm2d)
is depicted close to the cathode and the lowest flow rate (0.001 ml/em2d) is depicted close to the
anode (Figure 7.14). Since the hydraulic conductivity of the soil is low (less than 10-7 cm/s), pore

fluid flow across the specimen is insufficient to balance that required near the cathode. A negative
pore water pressure develops to balance the demand in pore fluid.

PST3 did not show any significant change in the pore water pressure within the first 37

days. Figure 7.15 shows comparisons between the measured pore water pressurein two
tensometers, located at a distance of 14 cm and 42 cm from the cathode, with predicted pore

7-27



S

FETIYITIYYYY

ceseeeaesModel (600 h)
=----Modd (1000 h)
®  Modcl(1200h)
° PST3(600h)
B PST3 (1000 h)
a  PST3(1200 h)

Voltage Gradient (V/cm)
3

!!!f’il‘llifi!'ﬁ"‘li;?i!l;“!‘;‘j‘ri!v}al!l!é"’i‘!‘

+

.

]

.

1

vm b
.

a;xffiiit;iii;liixtt;;s

"'2.5 Lo l‘l&‘,t 1. i i § ,
10 0] 30 40 0 €0

Di st ance From Anode cm)

o

Figure 7.13: Comparison of the Electric Gradient Distributions in PST3

7-28

—~J liiiisa
[




f eeeeeeees 10 day i
—---- 20 day
=-=--30day
o~ 0.1 3 — - -37day-
£ S 40 day
- — -45day
— 50 day
0.01 g-
:
0.001 == __-_y-/.i.
J— 3 s = T S M e e e S T 2
00001 NS B | —td e
0 10 20 30 40 50 60 70

Di stance From Anode (cm)

Figure 7.14: Predicted Pore Fluid Flow Rates Across the Specimen

7-29



Y PUUTE FUUDY FUUEE FUWTY FWW Y

Pore Water Pressure (kPa)

b

LZR U SHMD B SHan SN SN Sun SEND S SAS S Sk SEEh SR S Amn e GEE S e s s e e s ey |

¥
L Location 14an from lhe cathode

&
.

_—e— PST3

8
LAAS RAAAS RARAS RAARSE B

Pore Water P.essure (kPa)
8

LAAAE RAREE B

Figure 7.15: Predicted and Measured Pore Water Pressure in Tensiometers Located at a Distance
of 14 cm and 42 cm from the Cathode

7-30



water pressure in the same locations. Data from other tensioneters are presented in Appendix D.
Predicted and measured pore pressure in these locations display development of negative pore
water pressure (meatrix suction) after 800 h-1000 h (34 to 40 days). It isnoted that both the modd
and the measured values exhibit good agreement. However, the model predictions indicate
instantaneous increase in the suction after 900 h (= 37 days) to about -35 kPa and -15 kPain
these locations, the higher suction is nearest to the cathode. A sudden drop in the predicted electric
conductivity and increase in the electric gradient near the cathode at that time (after 37 days) is the
reason for the sudden increasein suction at that time,

Comparisons betweenthe predicted and measured suction profiles across the electrodes at
37,40,45, and 50 days are shown in Figures 7.16 and Figure 7.17. Pore pressure distributions
demonstrate development of a suction of up to -10 kPain the experiment and up to -6kPain the
model after 37 days. In both cases, most of the suction is developed near the cathode zone and
gradually decreases towards the anode. The predicted suction displays an increase of up to -50 kPa
near the cathode after 40,45, and 50 days. The experimental results for the same times show an
increase in the suction of up to -30 kPa. Predicted and experimental results at 40,45, and 50 days
exhibit similar patterns in the suction profiles across the specimen; both show an increase near the
cathode tailed by a decrease towards the anode. Suction in the experiment favorably agrees with
model results; however, the model Predicts higher values and closer to the cathode. The
experimental values are more skewed towards midsections of the specimen.

The distributions of suction predicted across the soil after 37 days show that suction is
generated at alocation where most of the changesin the pore fluid flow rate occur (last 6 cm near
the cathode). Furthermore, the highest dectricd gradient across the soil specimen after37 days is
developed within the last 6cm near the cathode. The results reveal that the nonlinearity in the
electric potential distribution due to the development of a zone of low dedricconductivity near the
cathode results in ahigher electric gradient and electroosmotic flow near the cathode and initiation
of suction at the interface between the zone with the high electric gradient and that of low eectric
gradient. This is a direct consequence of the fact that second derivative of eectrica potential
develops the suction in the mass balance equation (Equation 3.62).

Bench-scale tests reported by Hamed (1990) show that the rate of electroosmotic flow

decreases and ceases at later stages of the process. The coefficient of electroosmotic permeability
is conceived to be a function of zeta potential which is highly dependent on the chemistry of the
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soil specimen. Decreasein the soil pH and sufacecharge across the specimen will decrease the
zeta potential and the coefficient of electroosmotic permeability and hinder the eectroosmotic flow
at later stages of the process. Inthismodd, acongant ke, valueis assumed throughout the process

that is independent of the soil chemistry or pH. Asaresult there will always be an electroosmotic
flow as long as there is an electric gradient across the soil. It is not equededto see the time-
dependent changes in ke and flow rate reported byHamed (1990) since the experiments are on a

relative shorter time frame.

7.4.4 Lead Transport and Removal

The model predicts changes in different forms of lead in the soil; dissolved lead in the pore
fluid in malel, lead precipitated as hydroxide in mg/kg, lead adsorbed on the clay surfacein
mg/kg, and total lead in the soil inmg/kg. Three dimensional contour diagrams are presented to
describe the changes in space and time. As each form of lead affects the total lead profile
separately, the figures provide a sense of the contribution of each. It is noted that transport occurs
only when lead dissolves in the pore fluid and the adsorbed and precipitated lead remain
immobilized in the soil.

Dissolved lead in the pore fluid is continuously transported from the anode zone towards
the cathode (Figure 7.18). The concentration of dissolved lead near the cathode shows a decrease
in time mainly due to consumption of theionic lead as lead hydroxide precipitation. At later stages
(after 30 days), the high dedric gradient zone near the cathode leads to an increased transport rate
in lead due to advection and migration, further decreasing the dissolved lead concentration. Figure
7.18 shows that a hump is developed in the dissolved lead profile in the soil pore fluid at the
add/baseintaface. Thishumpislocated a adigance of 55cmto 60cm from the anode (15 cm to
10 cm from the cathode). The high pH zone in the last 10 cm near the cathode results in
precipitation and sorption of most the lead at that zone. On the other hand, low pH across the soil
(less than 2) results in dissolution, desorption, and transport of the lead into the soil pore fluid.
Consequently, the differences in species transport rates at these locations result in the depicted
hump in the dissolved lead profile.

A decrease in adsorbed lead concentration is not observed for about the first 10 days
(Figure 7.19). Desorption occurs as a result of either a decrease in the soil pH or a decrease in lead
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concentration in the pore fluid. Soil pH decreases within the first 10 days to about 2 near the
anode; however, the high concentration of ionic lead in the pore fluid delays any lead desorption
until that time. Subsequent to that period, desorption occurs at almost a constant rate decreasing the
total lead concentration.

Two fronts are developed when lead desorptionisinitiated eftar 10 days (Figure 7.20); one
close to the anode and another to the cathode. The difference in the rate of transport of lead at these
fronts is due to the replacement of the transported ionic lead in the pore fluid with those desorbed
from the soil surface. The increase in the pH at the cathode zone results in precipitation of lead
hydroxide. Precipitation starts almost immediately after starting the process because of the
immediateincrease in thepH at the cathode (Figure 7.20). Precipitation retards lead transport and
a the same time decreases the concentration of ionic lead in the pore fluid. The zone of high
precipitation and high pH near the ciaokis the zone of low eectrical conductivity across the soil.
Since steady state pH distribution (Figure 7.6) shows no breakthrough of the acid across the
specimen, lead precipitation and total lead concentration will both continue to increase within that
zone. Enhancement techniques which prevent such precipitation are currently being investigated at
LSU (1993).

The total lead profiles predicted by the model are shown in Figure 7.21. Decrease in total
lead concentration is depicted at the anode region. The last 5 cm near the cathode show an increase
in total lead to more than 10,000 ug/g as aresult of lead hydroxide precipitation. At later stages of
the process (efter 30 days) a hump in concentration is developed at about 60 cm from the anode
similar to that developed in the ionic lead profile.

Nitric acid extraction technique of the soil samples retrieved from PST3 gives the total |ead
in the soil. These experimental results are compared with model predictions in further assessment
of the performance of the model. Comparisons at 8,15,22, 37, and 50 days are presented in
Figures 7.22-7.24. Total lead distribution across the specimen in PST3 is evaluated at three
different elevations (top, middle, and bottom layers). Experimental data for PST3 are presented in
Appendix D.

After 8 days of processing, both the model and the experimental results in PST3

demonstrate similar lead distributions (Figure 7.22). A decreasein |ead concentration at the anode
zone (up to adistance of 10 cm to 15 cm from the anode) and an increase in lead concentration
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near the cathode (last 5 cm near the cathode) are depicted in the model results. Anincreaseis not
observed in lead concentration near the cathode in the experiment. There are severa reasons for
this discrepancy. One-dimensional application of the model might be oneof thee reasons. The
auface of the specimen in theexperiment was only covered by a clear plastic cover which might
have resulted in atwo dimensional dfedtand consequently different behavior than the model. The
efedt of high pH near the cathode on sorption characteristics and negative lead complexation is not
employed in the model. Different sorption behavior or formulation of negatively charged
complexes of lead at the zone of high pH are eqoaded to influence the concentration profiles of
lead.

After I5 days of processing, lead concentration is decreased at the anode but the profile is
still similar to that of 8 days. A decreasein lead concentration to about 20 cm from the anode due
to transport of the dissolved |ead towards the cathode, and an increase intotal lead concentration in
the fast 10 cm near the cathode due to leadhydroxide precipitation are apparent in Figure 7.22.

Reasonable qualitative and quantitative agreements are achieved in lead profiles eftar 8 and
15 days of processing. The experimental results, howcver, show a decreaseintotd leedinthelast
15 cm 0f the specimen near the cathode. The two dimensionad effect of the open surface of the soil
specimen (covered only with clear plastic cover), high pH complexation and sorption might be the
reasons for these differences

After 22 and 37 days, a further decrease in lead concentration is noted across the specimen
in both the experiment and model results. Concentration near the anode (first 10 cm) decreased to
bedow 2,000 ug/g after 22 days and to below 1,000 pg/g after 37 days. On the other hand, the lead
profile displays different behavior near the cathode. Lead concentration in the middle layer near the
cathode shows an increase up to 6,500 ug/g after 22 days and up to 13,000ug/g after 37 days.

The top layer, however, displays a decrease in concentration to about 2,000ug/g. Predicted
concentrations within the last 4 cm near the cathode a 22 and 37 days show continuous increase in
concentration up to 8,000 ug/g.

Variations between predicted concentrations and experimental results near the cathode are
noted in most comparisons, specially after 22 and 37 days. These variations could be related to
either the two dimensional effect of the soil surface or the effectof lead complexation and sorption
in the zone of high pH near the cathode. Furthermore, comparisons of the measured electric
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gradient profile with the predicted one displays some differences in the cathode region (Figure
7.13). The zone of low electric conductivity is further inward from the soil from the cathode than
the predicted conductivity. This resultsin differences in the predicted and measured rates of species
transport.

The effect of differencesin measured and predicted eectric gradient on lead transport is
apparent after 50 days. Figure 7.24 shows comparison of the predicted lead profile after 50 days
and the measured profile after 53 days. Both prdfiles display significant decrease inlead acrossthe
specimen (less than 2,000 ug/g). The predicted profile islower than the measure done in the first
40 to 45 cm fromthe anode. It is interesting to note that both profiles display similar qualitative
agreement near the cathode. A small hump is developed in both of them. The predicted hump is
located at a distance of 60 cm from the anode at a concentration of about 2,000 pg/g. The
experimental results display a similar hump at a distance of 45 to 50 cm from the anode at a
concentration of 2,000 ug/g. As discussed elsewhere, the different rates of transport after and
before the hump are the main reason for its devdopment. The increase in the predicted electric
gradient occurs only in the last 5 cm near the cathode. In the experiment, the zone of high electric
gradient advances to about 15cm into the soil from the cathode. These differences result in
differences in the predicted and measured rates of lead transport and consequently lead profiles
near the cathode.

The model results and their comparisons with the pilot-scale test results demonstrate that
the principles of multispecies transport under an electric field have been quite well understood and
formalized. EK-REM displays excdlent predictions of trangport and precipitation of lead and pore
pressure distribution across the electrodes. This model should be improved to develop into a
design/analysis tool in electrokinetic remediation.
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Section 8

SUMMARY AND CONCLUSIONS

8.1 Summary

Natural concentrations of heavy metals in soil deposits are not high; however, studies have
indicated that many areas near urban complexes, metalliferous mines or major roads display
abnormally high concentrations of these elenents. Soil contamination with lead, which may result
from its use in petrol, paints, batteries, and pesticide, smelting of metals and mining, and disposal
of lead-acid storage batteries, has been documented at concentrations that may go up to 10% to
20% by wei ght. Compared to other hazardous species, lead is shown to be the most frequently
identified species in hazardous waste sites listed on the NPL.

A variety of options may exist to select a cleanup remedy at a site, however, the efficiency
and codgs of these options may vary widely. Most of the existing remediation technologies are
limited to soils with high hydraulic conductivities and are not effectivein removing heavy metals
adsorbed on soil particles, particularly fine-grained deposits.  There exists a need to introduce
cod-effective, innovative, and preferably in-situ remediation technologies.

Electrokinetic soil processing is a new, innovative, and cost-effective remediation
technology that employs conduction phenomena under electric currents for transport, extraction,
and separation. A low level direct electric current (or eectric potentia difference) is applied across
contaminated soil deposits through inert electrodes placed in holes or trenches in the soil filled with
processing fluids. The applied electric current leads to electrolysis reactions at the electrodes
generating an acidic medium at the anode and an akaline medium at the cathode. The electric field
across the contaminated soil mass leads to transport of hydrogen ion from the anode to the
hydroxyl ion from the cathode to the anode. The hydrogen ion transport is faster than the base
transport due to high ionic mobility of H+ further enhanced with the eectroosmotic flow. The soil
mass is thus acidified. This acidification facilitates desorption and dissolution of heavy metals in
the soil pore fluid
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Charged species present in the soil pore fluid or desorped from the soil axfaceare
transported under electric fields towards the electrodes depending on their electric charge. The
driving mechanisms for species transport are ion migration by electrical gradients, pore fluid
advection by prevailing electroosmotic flow, pore fluid flow due to any externally applied or
internally generated hydraulic potential differnce, and diffusion due to generated chemical
gradients. Asareault, cationsare accumulated a the cathode an anionsat theanodewhilethereis
a continuous transfer of hydrogen and hydroxyl ions across the medium. Various bench-scale
studies on the feasibility of the process have shown that heavy metals and other cationic species
can be removed from the soil specifically when eectrolyte conditioning process enhancement
techniques are employed.

The demonstrated feasibility of the process prompted the need to formalize multispecies
transport under an electric field. It was necessary to assess the validity of the hypothesized
principles of the process through comparisons of the predictions a theoretical model with
expermental results.

A mathematical model is formulated utilizing principles of conservation of matter and
energy to species transport under an electric field. Fluxes of fluid, charge, and speciesin a
saturated soil under coupled hydraulic, eectric, and chemical potential gradients together with the
principles of conservation of matter and energy are used to describe multispecies transport by a set
of differential equations. A set of agebraic nonlinear equations describes the chemical reactions
among the species in the soil pore fluid. These equations describe sorption,
precipitation/dissolution, agueous phase, water auto-ionization, and dectrolyss reactions. A
model describing coupled reactive transport of lead in soils under an electric field is thus
formulated by the set of differential /algebraic equations. Six differential equations four algebraic

equations are used to model transport of Pb2+ H+ OH-, NO3-, the associated chemical reactions,
dectric potentid and the hydraulic head across the eectrodes.

Iterative scheme is chosen in solution. Finite Element Method is used in space
discretization. Finite difference technique is used for in time discretization. Two-dimensional
noda quadratic isoparametric elements are specified are employed in domain discretization.
Bisection method is used in solving the agebraic equations.
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Three pilot-scale tests are conducted in order to investigate the effect of up-scaling bench-
scale tests and to demondtrate the feasibility and cost efidency of dedrokinetec soil remediation at
dimensions representative of field conditions. Two of these tests are conducted on kaolinite
samples spiked with lead nitrate solution at lead concentrations of 856 ug/g and 1,533 pg/g. The
third test is conducted on kaolinite/sand mixture loaded with lead at a concentration of 5,322 pg/g.
The samples are compacted at wet of optimum to achieve a high degree of saturation. Inert graphite
electrodes are used in both anode and cathode compartments The physicochemical  changes in the
soil are monitored during processing. Voltage probes are used to monitor e ectric potential
distribution across the soil, thermocouples to monitor temperature changes, tensiometers,
transducers to measure suction, and pH meters to monitor cathode and anode PH. The experiments
are connected to a data acquisition system and a constant current density of 133 pA/em? is gpplied
across the soil. Two bench-scale tests are also conducted on kaolinite samples spiked with lead at

aconcentration of 1,439 pug/g. In these tests, a constant current density of 127 pA/cm? is applied.

The results of the third pilot-scale test conducted at a lead of 5,322 ug/g are used to
compare the predictions of the mathematical model with pilot-scale results. Species concentration,
electric potential, and hydraulic potential profilesin space and time are compared. Distributions of
pH, different forms of lead (pore fluid, precipitated, adsorbed, and total), pore water pressure,
electric potential, and electric potentia gradient are evaluated within the predictions of the model.
Pilot-scale tests dso demonstrated the effect of up-scaling on the efficiency of the process.

8.2 Conclusions

Thefollowing conclusions are derived from this study.
* In unenhanced electrokinetic processing, pH values attained py electrolysis
reactions at the electrodes in pilot-scale tests are no different than the bench-scale
tests. The catholyte pH rises to about 11 and the anolyte pH drops to less than 2.

Most pH changes at the electrode compartments occur within the first 100 h of
processing. These changes are perfectly explicable by Faradic reactions.

. The first pilot-scale test demonstrated development of cracks at the cathode zone. A
nonuniform final lead distribution is developed in this test due to sections of high
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lead accumulation in the cracks. Pilot-scale tests conducted at initial concentration
of 1,533 ug/g and 5,322 pg/g resulted in higher removal efficiencies than the first
test. These tests displayed sgnificant lead remova from the soil specimen. More
than 90% (up to 98% in most parts) removal is achieved across the second-pilot test
except the last 7 cm near the cathode. High concentration of lead is encountered
near the cathode in al tests due to lead hydroxide precipitation in the high pH
environment. Almost no lead is found in the effluent or on the electrodes. The result
indicate that placement of the cathode, in direct contact with the soil or at a distance
from the soil greatly influences the amount of lead precipitated or eectro deposited
a the cathode.

A zone of low dedtric conductivity develops near the cathode. Though final electric
gradients across the specimen are 2-3 V/cm in bench-scale tests and 4-4.5 in pilot-
scale tests, most of the electric potential drop occurs in the last section near the
cathode (last I0 cm in pilot-scale tests). The effective eectrical gradient in species
transport across most parts of the soil isonly 0.01 to 0. | V/cm. The electric
gradient near the cathode may go up to 20 V/cm; however, this gradient is
ineffective in lead transport becauselead hydroxide precipitation within that zone
substantially decreases the ionic lead concentration in the pore fluid.

The nonlinear electric potential distribution resulted in development of suction
profile across the soil; even when open dectro deconfiguration is used at both the
anode and the cathode. A decrease in water content occurred in midsection
indicating soil consolidation. An increase of water content at near the anode is
observed as aresult of swelling and dispersion of clay particles into the catholyte
and anolyte.

Temperature changes are measured only in the pilot-scale test conducted at an initial
concentration of 1,533 pg/g, a current density of 33 ug/g and an electrica gradient

of 2-4v/cm. Temperature increase is about19°C in the soil near the cathode, 17°C
in the cathode compartment and about 12°C in the anode compartment.

Temperature profile is similar to that of the voltage profile across the specimen;
sections with higher temperatures are located at sections of higher voltage drop. The
effect of temperature increase on the process is not investigated.
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No electroosmotic flow is measured in pilot-scae tests at concentrationsof 1,533
ug/g 5,322 ug/g. lonic migration is the major species transport mechanism in these
tests. The results provide another testimony to the fact that ionic migration is the
most significant charged species transport mechanism in a low-permeability
saturated soil.

Energy expenditure varies over a range from 325 to 700 kWh/m3 in pilot-scale tests

and from 60 to 330 kWh/m3 in bench-scale tests. Variation among the pilot-scale
tests is due to differences in processing periods. The reason for the increase in
energy expenditure is the development of the zone of low electric conductivity near
the cathode. Enhancement techniques may be necessary to avoid precipitation
within the cathode zone and consequently to decrease energy expenditure. The
steady state electric power is similar in pilot-scale tests and in the range of 300

watt/m3. Steady State electric power in pilot-scale tests is about half that in bench-
scale tests (around 600 kWh/m3).

The predicted pH distribution show a decrease at the anode to about 2 and an
increase at the cathode to around 7. The rate of advance of the acid towards the
cathode is higher than the rate of advance of the base towards the anode. Predicted
Steady state pH distribution does not show a breakthrough of the acid at the
cathode. Steady state acid/base interfaceis|ocated in the lat 2 cm near the cathode.
Predicted pH profilesat 8,15, and 22 days demonstrate reasonable agreement with
the experiment. However, though a retardation factor of 4.6 is used for H+
transport, the predicted distributions show a faster rate of transport of the acid front
than the experiment

Adsorbed lead predicted by the model show desorption occurs as a result of
decrease in the soil pH and decrease in the pore fluid lead concentration. In the
pilot-scale test with 5,322 ug/g, desorption is delayed for about 10 days because of
the high initial concentration in the pore fluid. The model demonstrates
precipitation of lead hydroxides to about 16,000 pg/g) near the cathode as a result
of the increase in soil pH. Predicted total lead distribution after 8, 15, 22, 37, and
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50 daysaof processing demonstrate good agreement with the result of the pilot-scale
test conducted.

« ~ Electrical gradient distributions predicted by the model display agreement with those
of the experiment except for sections near the cathode. The zone of low electric
conductivity at the cathode is further advanced towards midsections of the specimen
in the experiment than the model resulting in lower total voltage distribution across
the specimen in the model than the experiment

. Development of a zone of low electric conductivity near the cathode at later stages
of electrokinetic soil processing results in sharp fronts in concentration and pH
profiles. These fronts cause numerical difficulties and require special treatment in
space and time discritization.

. The model predictions demongtrate that multispecies transport under an electric field
is quite well understood and rationalized. lonic migration is the dominant transport
mechanism for heavy metals under an eectric field specificaly when the coefficient
of electroosmotic is less than10-5 em2/Vs. Advective transport underelectric
gradient (or electroosmosis) depends on the soil type; however, even when the
coefficient of electroosmotic permeability isin the order of 104 cm2/V-s (lower
activity days at high water contents), mass flux of H+ and OH- isat least 10 fold by

ion migration. At these flow rates, mass flux of other species, however, is of the
same order of magnitude. Advection under a hydraulic head difference is significant

for soils with hydraulic conductivities that are higher than 10-5 cm/s. Diffusion is

significant only at concentration and pH fronts because of the high concentration
gradients.

8.3 Considerations for In-situ Implementation

. Bench-scale and pilot-scale studies show that there are no major restrictions on the
soil type, ranging from clay to fine sand deposits. Generally, high water content
and low activity soils will result in most efficient conditions for the process (Acar
and Hamed 1991). High activity sailswill display high retardation for heavy metals
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transport and high buffering capacities for pH changes. Excessive acid generation
will be required for such cases in order to facilitate desorption of heavy metals.

The results of the pilot-scale tests conducted in this study together with the results
of Lageman (1989) and (1993) demonstrate the feasibility of electrokinetic soil
remediation in full field applications. Precipitation of heavy metals within the
cathoderegion dueto thedkdineenvironment isexpected to decreese the efficiency

of the process and increase energy expenditure. Enhancement techniques such as
contralling the chemistry at the cathode may be necessary to increase the efficiency
of removal. Acar et d: (1993b) discuss techniques to depolarize the cathode
reaction with acetic acid.

The process could be used with other remediation technologies, depending on the

soil and contaminant type, to achieve more efficient and cost-effective in-situ clean-

up. The electrokinetic process could be used together with soil-washing in soil

deposits with reatively high hydraulic conductivities to accelerate species transport

and removal. Combined use of bioremediation and electrokinetics isan areathat is
gaining attention for removing organicsfrom soil deposits.

The process could be used for awide range of species. The results of pilot-scale
tests demonstrate that the process could be used for removal of ionic lead from
soils. Other bench-scale data indicate the feasibility of removal of various charged
species including heavy metals, radionuclides, and selected organics. Removal of
free phase non-polar organics is envisioned to be possible with the use of
surfactants to form micdls (Acar andAlshavabkeh 1993).

Higher initial concentrations of contaminants do not have any major limitations on
the process. Existing data show successful removal of Cu?* up to levels of 10,000
ug/g and Pb2* up to 5,000 ug/g. The results of pilot-scale tests demonstrate that
lead at high concentrations (5,000 pg/g) could be efficiently removed deposits with
low hydraulic conductivity (107 cm/s).

The results presented by Lageman (1989) and (1993) indicate that the process could
work for a mixture of heavy metals and their salts. The acid generated at the anode
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is necessary to cause dissolution of salts present into ionic species and the removal
effidency will be dfeted by the mobility o eahion and its concentration.

The current levelsreported are in the order of milliamps per square cm of electrode
area. Although high current levels generate more acid that will work for the
process, it increases the total ionic concentration that will decreesethe overal
electroosmotic flow. Furthermore, the transport numbers of other species may

decrease asaresult. A current density of 0.13mA/em? is efficiently used for this
study.

Precipitation of heavy metas within the cathode region due to the alkaline medium
will decrease the efficiency of the process and increase energy expenditure.
Controlling the chemistry at the cathode may be necessary to increase the efidency
of removal. Acar et al. (1993b) discuss techniques to depolarize the cathode
reaction with acetic acid

Inert anodes such as graphite, carbon-or platinum should be used in order to avoid
introduction of secondary corrosion products. Any conductive material that will not
corrrode in the basic enviroment may be use as cathode.

Open eectode corifiguration is essentia for the process. The electrodes can be
placed horizontally or vertically. One-dimensional flow conditions or a hexagonal

network of electrodes with radial flow towards a central cathode may be used.

When two dimensional electrode layout is employed, it is necessary to assess the
effexof coupling between the electrical gradients.

Spacing will depend upon the type and level of contaminants, selected current,
voltage and enhancement regime. A substantial decrease in efficiency of the process
may result due to increases in temperature when higher electric potentials are
generated.  Increasing Spacing between the electrodes may require longer
processing periods. However, increasing electrode spacing is expected to result in
less electric power expenditure per unit volume (watt/m3). Furthermore, a
substantial decrease in energy expenditure is expected if enhancement techniques
are used. Accordingly, spacing should be designed for each case independently.
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However, in the case of unenhanced application, a spacing of 1.5 m seemsto be a
suitable choice.

8.4 Recommendations for Future Studies
The fdlowing are studies recommended:

. Precipitation near the cathode result in immobilization of species transport and
increase in energy expenditure. Bench-scale and pilot-scale studies are already
ongoing on enhancement techniques for the process. It is essential to formalize
these techniques N the model and assess its predictions.

. The presence of a complex of species, salts, or organics in the soil will affect the
species transport. Lead and lead hydroxides are included in this study. It is
recommended that assess the effect of complexation and salts on efficiency.

. Presence of carbonate and carbonate minerals, their dissolution, and their transport
is expected to greatly influence the transport of species. They may significantly
dfe effidency of the process and should be investigated.

. The numerecal model developed accounts only for lead hydroxide precipitation,
water autoionization, and sorption. The model should be modified for other
chemical reactions of other species and dissolution reactions. Chemical reactions
described inthe model should be generalized for several chemical species.

. Conventional theoretical models on el ectroosmotic consolidation of soft soils
disregard the effect of chemistry changes on the electric potential distribution.
Future research on this area should account for the nonlinearity in the electric
potential distribution.

. Work isinitiated at LSU on €electrokinetic enhancement of bioremediation. This

area seems to offer significant promise. Species transport under an electric field
may well be one areathat would render bioremediation efficient and cost-effective.
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